Fibroblast Attachment Sites on Tropoelastin by Lee, Pearl
	  
Fibroblast	  Attachment	  Sites	  on	  
Tropoelastin	  
	  
	  
Pearl	  Lee	  
	  B.	  Sci.	  (Hons)	  	  	  This	  thesis	  is	  submitted	  in	  full	  satisfaction	  of	  the	  requirements	  for	  the	  degree	  of	  Doctor	  of	  Philosophy	  at	  the	  University	  of	  Sydney	  
	  
	  
	  	   	  	  	  Faculty	  of	  Science	  University	  of	  Sydney	  	  2018	  
	   	   	   ii	  
	  
Declaration	  	  I	  hereby	  certify	  that	  the	  work	  in	  this	  thesis	  is	  entirely	  my	  own	  except	  where	  specifically	  stated	  in	  the	  text.	  This	  work	  has	  not	  been	  previously	  submitted	  for	  any	  degree	  at	  any	  institution.	  	  	  	  	  	  	  Pearl	  Lee	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	   	   	   iii	  
Abstract	  
	  
	  Tropoelastin	  is	  the	  dominant	  monomer	  that	  assembles	  to	  form	  elastin,	  which	  confers	  elasticity	  to	  vertebrate	  elastic	  tissues	  including	  skin,	  arteries	  and	  lungs.	  Tropoelastin	  has	  been	  broadly	  shown	  to	  interact	  with	  cells	  through	  cell	  surface	  receptors	  including	  integrins,	  glycosaminoglycans	  (GAGs)	  and	  elastin	  binding	  protein	  (EBP).	  	  	  This	  thesis	  explores	  regions	  in	  tropoelastin	  that	  are	  involved	  in	  cell	  binding.	  Cell	  interactions	  with	  tropoelastin	  were	  probed	  by	  utilising	  a	  total	  of	  15	  recombinant	  tropoelastin	  constructs,	  which	  contain	  different	  domains	  of	  tropoelastin.	  Through	  sequential	  analyses	  of	  these	  constructs’	  ability	  to	  interact	  with	  cells,	  multiple	  regions	  of	  cell	  interaction	  were	  identified.	  	  	  One	  of	  these	  cell	  interactive	  sequences	  in	  tropoelastin	  was	  mapped	  to	  domain	  17	  and	  the	  first	  6	  amino	  acids	  (aa)	  of	  domain	  18.	  A	  peptide	  made	  to	  this	  aa	  302-­‐322	  region	  promoted	  cell	  attachment	  and	  spreading	  independently	  from	  the	  rest	  of	  the	  tropoelastin	  molecule.	  Inhibition	  studies	  involving	  heparan	  sulfate,	  EDTA	  and	  anti-­‐integrin	  antibodies	  revealed	  a	  possible	  two-­‐step	  mechanism	  by	  which	  cell	  interactions	  occur	  at	  this	  central	  region	  of	  tropoelastin:	  initially,	  cell	  adhesion	  is	  mediated	  by	  GAGs,	  which	  contact	  the	  lysine	  residues	  within	  the	  target	  sequence,	  and	  subsequently	  facilitate	  cell	  spreading	  modulated	  by	  integrins,	  specifically	  αvβ3	  and	  αvβ5.	  	  
	   	   	   iv	  
Further	  delineation	  and	  inhibition	  studies	  confirmed	  integrin-­‐mediated	  binding	  site/s	  in	  domains	  12-­‐16	  of	  tropoelastin,	  independent	  from	  domains	  17-­‐18.	  Domain	  12-­‐16	  was	  found	  to	  interact	  through	  both	  the	  integrin	  αv	  family	  and	  integrin	  α5β1,	  whereas	  integrin	  α5β1	  only	  inhibited	  in	  combination	  with	  integrin	  αv.	  On	  this	  basis	  a	  model	  was	  developed	  where	  the	  αv	  integrins	  initially	  engage	  with	  tropoelastin	  within	  domains	  12-­‐16,	  then	  adhesion	  by	  the	  integrin	  αv	  family	  allows	  for	  integrin	  α5β1	  engagement,	  further	  strengthening	  the	  tropoelastin-­‐cell	  interaction	  in	  this	  region.	  	  The	  results	  described	  in	  this	  work	  identify	  for	  the	  first	  time	  multiple	  sites	  in	  tropoelastin	  in	  the	  central	  region	  of	  tropoelastin.	  Discovering	  novel	  cell	  adhesion	  sequences	  and	  understanding	  the	  mechanisms	  involved	  in	  the	  interaction	  would	  substantially	  contribute	  to	  the	  next	  generation	  of	  biomaterials	  and	  provide	  a	  platform	  for	  future	  studies	  to	  understand	  biochemical	  pathways	  in	  the	  matrix	  biology	  field.	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1.1	  Tropoelastin	  	  
	  Tropoelastin,	  an	  extracellular	  matrix	  (ECM)	  protein,	  is	  the	  monomer	  that	  assembles	  to	  form	  elastin	  (1).	  The	  assembled	  elastin	  is	  then	  deposited	  onto	  a	  microfibrillar	  scaffold	  to	  form	  elastic	  fibres,	  which	  are	  responsible	  for	  maintaining	  structural	  integrity	  and	  providing	  elastic	  recoil	  and	  resilience	  to	  all	  vertebrate	  elastic	  tissues	  including	  arteries,	  lung,	  skin,	  vocal	  folds	  and	  elastic	  cartilage	  (2-­‐7).	  	  	  	  The	  durability	  and	  elasticity	  of	  elastin	  allows	  tissues	  to	  endure	  constant	  stress.	  However,	  elastin	  is	  not	  adequately	  regenerated	  in	  the	  event	  of	  damage	  that	  involve	  severe	  burns,	  sun	  damage,	  or	  even	  simply	  as	  a	  result	  of	  aging	  (8).	  In	  the	  context	  of	  skin,	  this	  incomplete	  repair	  results	  in	  stiffness	  and	  lack	  of	  elasticity	  in	  hypertrophic	  scars	  and	  aged	  skin.	  Consequently,	  patients	  suffering	  from	  severe	  tissue	  damage	  are	  restricted	  in	  their	  motion.	  This	  lack	  of	  whole	  body	  function	  can	  cause	  psychological	  trauma	  and	  extended	  hospitalisation	  (9).	  Therefore,	  the	  regeneration	  of	  the	  elastic	  fibre	  system	  is	  crucial	  not	  only	  for	  regaining	  complete	  skin	  function	  after	  injury	  but	  also	  the	  mental	  health	  of	  hospitalised	  patients.	  	  	  Elastin	  fragments	  are	  generated	  upon	  injury	  and	  during	  wound	  healing	  and	  are	  released	  into	  the	  ECM	  through	  protease	  action.	  They	  have	  been	  shown	  to	  induce	  biological	  responses	  in	  cells	  (10),	  trigger	  transient	  proinflammatory	  responses	  by	  human	  dermal	  fibroblasts	  (11)	  and	  regulate	  elastin	  expression	  (12).	  Recently	  it	  has	  been	  shown	  that	  incorporating	  tropoelastin	  in	  a	  dermal	  regeneration	  template	  promotes	  wound	  repair	  through	  increased	  vascularisation	  suggesting	  an	  important	  signalling	  role	  for	  the	  molecule	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in	  this	  process	  (13).	  Furthermore,	  human	  dermal	  fibroblasts	  (HDFs)	  pre-­‐incubated	  with	  elastin	  sequences	  have	  been	  shown	  to	  trigger	  signalling	  responses	  that	  stimulate	  elastic	  fibre	  synthesis	  in	  vivo	  (14),	  both	  which	  are	  important	  processes	  in	  the	  full	  recovery	  of	  elastic	  tissues.	  These	  observations	  generated	  an	  interest	  in	  the	  study	  of	  tropoelastin	  and	  opened	  up	  a	  range	  of	  questions	  regarding	  its	  influence	  on	  cells	  and	  biochemical	  pathways	  that	  are	  crucial	  to	  these	  recovery	  processes.	  	  	  In	  order	  to	  study	  the	  monomer	  and	  its	  effects	  on	  cellular	  responses,	  isolation	  of	  the	  monomer	  from	  in	  vivo	  sources	  has	  been	  attempted,	  however	  it	  was	  proven	  difficult	  and	  inefficient	  due	  to	  it	  being	  cross-­‐linked	  and	  incorporated	  into	  elastic	  fibres	  (15,16).	  Large	  quantities	  of	  highly	  purified	  tropoelastin	  have	  only	  become	  available	  relatively	  recently	  through	  recombinant	  expression	  of	  an	  optimized	  synthetic	  elastin	  gene	  in	  an	  Escherichia	  
coli	  bacterial	  system	  (17).	  This	  has	  allowed	  for	  the	  production	  of	  a	  recombinant	  tropoelastin	  that	  is	  identical	  to	  the	  naturally	  secreted	  human	  form	  (18).	  This	  technology	  has	  since	  allowed	  rapid	  progress	  in	  understanding	  its	  structure,	  cell	  signalling	  and	  assembly	  properties.	  Although	  a	  lot	  has	  been	  learnt	  through	  structural	  and	  assembly	  studies	  of	  tropoelastin,	  there	  is	  a	  lack	  of	  knowledge	  in	  cell	  interactive	  regions	  and	  cell	  signalling	  aspects	  of	  this	  monomer.	  Discovering	  how	  cells	  interact	  with	  tropoelastin	  whilst	  understanding	  the	  biochemistry	  of	  tropoelastin	  itself	  is	  crucial	  to	  understanding	  the	  vital	  processes	  involved	  in	  the	  regeneration	  and	  maintenance	  of	  elastic	  tissues.	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1.1.1	  The	  genetics	  of	  tropoelastin	   	  	  Elastin	  is	  assembled	  from	  its	  building	  block	  tropoelastin.	  In	  humans,	  the	  ELN	  gene	  encoding	  tropoelastin	  spans	  45	  kb	  of	  genomic	  DNA	  and	  was	  mapped	  to	  the	  long	  arm	  of	  chromosome	  7q11.2	  by	  in	  situ	  hybridisation	  (19).	  It	  has	  been	  sequenced	  and	  observed	  to	  contain	  highly	  repetitive	  sequences	  (18,20).	  	  	  ELN	  consists	  of	  highly	  conserved	  intron-­‐exon	  splice	  junctions	  with	  34	  exons	  distributed	  between	  large	  introns	  (21).	  This	  allows	  for	  extensive	  alternative	  splicing	  of	  6	  exons;	  22,	  23,	  24,	  26A,	  32	  and	  33	  where	  at	  least	  13	  human	  isoforms	  of	  tropoelastin	  can	  be	  formed	  (20,22-­‐24).	  Exon	  26A	  has	  only	  been	  identified	  in	  humans	  so	  far,	  and	  the	  inclusion	  of	  this	  exon	  is	  predominantly	  associated	  with	  elastin	  damage	  following	  UV	  exposure,	  or	  extreme	  temperature	  treatments	  and	  disease	  states	  (25-­‐27).	  Exon	  22	  seems	  to	  be	  constitutively	  spliced	  out	  in	  tropoelastin	  transcripts	  of	  humans	  but	  not	  in	  other	  mammals	  (23,28-­‐30).	  This	  alternate	  usage	  of	  exons	  allows	  the	  production	  of	  functionally	  diverse	  tropoelastin	  isoforms	  from	  a	  single	  gene	  sequence	  (31).	  Next	  to	  exon	  36,	  a	  conserved	  region	  of	  tropoelastin	  is	  a	  large	  3’-­‐untranslated	  region,	  which	  suggests	  the	  possibility	  of	  regulatory	  elements	  in	  this	  region	  (32,33).	  The	  sequence	  features	  of	  the	  human	  tropoelastin	  outlined	  are	  illustrated	  in	  Figure	  1.1.	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Figure	  1.1.	  The	  sequence	  features	  of	  the	  human	  tropoelastin	  transcript.	  Obtained	  
from	  (1).	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1.1.2	  The	  amino	  acid	  sequence	  features	  of	  tropoelastin	  	  Tropoelastin	  is	  characterised	  by	  alternating	  hydrophobic	  and	  hydrophilic	  domains	  encoded	  by	  individual	  exons	  (Figure	  1.1)	  (1,20).	  Hydrophobic	  regions	  are	  rich	  in	  non	  polar	  amino	  acids	  specifically	  glycine,	  valine,	  proline,	  leucine,	  and	  alanine	  which	  are	  often	  arranged	  in	  repetitive	  motifs	  and	  comprise	  up	  to	  82%	  of	  the	  primary	  tropoelastin	  sequence,	  the	  most	  common	  repeating	  sequence	  being	  VGVAPG	  (1,27).	  Tropoelastin	  is	  made	  with	  an	  N-­‐terminal	  26	  amino	  acid	  signal	  peptide,	  and	  is	  secreted	  as	  an	  approximately	  72	  kDa	  protein	  in	  the	  human	  (1,34).	  Protease	  digestion	  has	  been	  shown	  to	  release	  bioactive	  hydrophobic	  peptides	  from	  tropoelastin	  (35),	  which	  can	  stimulate	  the	  expression	  of	  matrix	  proteins	  including	  tropoelastin	  itself	  (12).	  Hydrophilic	  domains	  on	  the	  other	  hand	  are	  typically	  rich	  in	  lysines,	  which	  are	  separated	  by	  proline	  or	  poly-­‐alanine	  residues	  (36).	  These	  hydrophilic	  domains	  are	  relatively	  conserved	  amongst	  species	  in	  comparison	  to	  the	  hydrophobic	  regions	  and	  are	  involved	  in	  an	  important	  process	  known	  as	  cross-­‐linking	  (36,37),	  a	  process	  that	  transforms	  lysyl	  oxidase	  modified	  tropoelastin	  monomers	  into	  mature	  elastin.	  	  Another	  distinct	  feature	  of	  tropoelastin	  is	  that	  the	  C-­‐terminus,	  domain	  36	  is	  highly	  conserved	  across	  species	  (20,38).	  This	  region	  is	  also	  not	  subjected	  to	  alternative	  splicing	  reflecting	  its	  functional	  significance	  (20).	  It	  also	  contains	  the	  only	  2	  cysteine	  residues	  in	  the	  tropoelastin	  sequence	  which	  form	  an	  intramolecular	  disulphide	  bond	  (39).	  This	  disulphide-­‐bonded	  loop	  structure	  creates	  a	  highly	  charged	  pocket	  at	  the	  end	  of	  the	  molecule,	  which	  is	  believed	  to	  facilitate	  interactions	  between	  tropoelastin	  and	  highly	  acidic	  microfibrils	  (40).	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1.1.3	  The	  structure	  of	  tropoelastin	  	  	  Tropoelastin	  was	  thought	  to	  be	  highly	  disordered	  through	  a	  range	  of	  techniques;	  circular	  dichroism	  (41,42),	  Raman	  spectrophotometry	  (43),	  nuclear	  magnetic	  resonance	  (44)	  and	  sequence-­‐based	  structure	  algorithms	  (41).	  These	  disordered	  regions	  were	  attributed	  to	  the	  hydrophobic	  domains,	  which	  are	  postulated	  to	  be	  responsible	  for	  the	  flexibility	  of	  the	  molecule.	  On	  the	  other	  hand,	  the	  hydrophilic	  regions	  are	  associated	  with	  the	  small	  percentage	  of	  alpha-­‐helix	  regions	  reported	  within	  the	  molecule	  (41).	  As	  tropoelastin	  assembles	  in	  an	  ordered	  way	  to	  form	  elastin	  and	  ultimately,	  elastic	  fibres,	  this	  suggests	  a	  balance	  of	  supramolecular	  order	  and	  intramolecular	  disorder	  in	  the	  tropoelastin	  protein	  monomer	  (45).	  	  	  The	  complications	  of	  crystallising	  tropoelastin	  have	  made	  it	  difficult	  to	  obtain	  the	  tertiary	  structure	  of	  the	  protein	  through	  X-­‐ray	  diffraction.	  Past	  structural	  studies	  were	  confined	  to	  soluble	  derivatives	  such	  as	  α-­‐elastin,	  k-­‐elastin	  and	  short	  synthetic	  peptides	  corresponding	  to	  repeating	  sequences	  (46).	  However	  more	  recently,	  small	  angle	  X-­‐ray	  and	  neutron	  scattering	  analysis	  of	  recombinant	  human	  tropoelastin	  in	  solution	  revealed	  an	  asymmetrical	  rod-­‐like	  structure	  (45).	  This	  has	  allowed	  us	  to	  understand	  more	  in	  terms	  of	  its	  structure/function	  relationship.	  A	  coiled	  region	  from	  domain	  2-­‐18	  confers	  the	  major	  elastic	  component	  of	  tropoelastin	  due	  to	  its	  ability	  to	  reversibly	  extend	  to	  8	  times	  its	  resting	  length	  (45).	  Further	  downstream	  is	  known	  as	  the	  hinge	  region	  attributed	  to	  domains	  20-­‐24,	  a	  region	  postulated	  to	  contribute	  to	  the	  structural	  flexibility	  of	  the	  molecule	  (45,47).	  A	  bridge	  region,	  which	  encompasses	  domains	  25-­‐26,	  is	  proposed	  to	  be	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involved	  in	  monomer	  alignment	  and	  organisation	  during	  elastic	  fibre	  assembly	  (16,37,48).	  The	  tropoelastin	  molecule	  ends	  with	  the	  C-­‐terminus	  at	  the	  “foot-­‐like”	  region,	  a	  region	  that	  is	  known	  to	  be	  cell	  interactive	  (45).	  A	  scissors-­‐like	  motion	  is	  described	  between	  the	  hinge	  region	  and	  the	  foot	  region,	  and	  a	  twisting	  motion	  in	  the	  N-­‐terminal	  region	  (49).	  The	  tropoelastin	  structure	  therefore	  accounts	  for	  the	  elastomeric	  properties	  of	  the	  protein	  (50).	  The	  flexibility	  of	  the	  polypeptide	  chains	  contributes	  to	  the	  high	  entropy	  of	  the	  relaxed	  state	  and	  the	  stretched	  elastin	  reveal	  hydrophobic	  sequences	  which	  then	  constrain	  the	  local	  order	  of	  water	  molecules	  (42).	  According	  to	  the	  classical	  theory	  of	  elasticity,	  this	  allows	  a	  decrease	  in	  entropy	  thus	  driving	  the	  recoil	  of	  tropoelastin	  back	  to	  its	  native	  disordered	  state	  (51-­‐53).	  The	  current	  three-­‐dimensional	  structure	  of	  tropoelastin	  is	  illustrated	  in	  Figure	  1.2.	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Figure	  1.2.	  Three-­‐dimensional	  structure	  of	  full-­‐length	  tropoelastin	  with	  proposed	  
locations	  of	  the	  N-­‐terminal	  coil	  region,	  the	  spur/hinge	  and	  bridge	  regions,	  and	  the	  C-­‐
terminus.	  Obtained	  from	  (45).	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1.2	  Elastogenesis	  	  
	  Elastogenesis	  refers	  to	  the	  process	  of	  elastic	  fibre	  formation.	  This	  occurs	  through	  a	  series	  of	  stages;	  tropoelastin	  synthesis,	  coacervation,	  microfibrillar	  deposition	  and	  cross-­‐linking.	  	  	  
1.2.1	  Tropoelastin	  synthesis	  and	  coacervation	  	  Tropoelastin	  is	  synthesised	  by	  elastogenic	  cells	  such	  as	  fibroblasts,	  smooth	  muscle	  cells,	  endothelial	  cells,	  chondroblasts,	  and	  mesothelial	  cells	  (54).	  The	  rate	  at	  which	  this	  occurs	  is	  age-­‐dependent	  and	  maximal	  during	  perinatal	  development	  (55).	  Although	  tropoelastin	  synthesis	  in	  adults	  is	  minimal,	  it	  may	  be	  reactivated	  to	  repair	  damaged	  or	  aging	  elastin	  fibres	  and	  in	  pathological	  conditions	  such	  as	  atherosclerosis	  and	  chronic	  obstructive	  pulmonary	  disease	  (56).	  The	  5’-­‐flanking	  region	  of	  the	  elastin	  gene	  contains	  GC-­‐rich	  islands,	  no	  consensus	  TATA	  box,	  and	  multiple	  cis-­‐elements	  that	  operate	  as	  potential	  sites	  for	  transcription-­‐regulatory	  factors	  (57).	  Expression	  is	  extensively	  controlled	  at	  the	  post	  transcriptional	  level	  (6).	  Exogenous	  factors	  that	  alter	  elastin	  transcription	  include	  basic	  fibroblast	  growth	  factor	  (58,59),	  nuclear	  factor-­‐1	  family	  members	  (60),	  tumour-­‐necrosis	  factor-­‐α	  (61),	  insulin-­‐like	  growth	  factor-­‐1	  (62,63),	  interleukin	  1	  beta	  (64)	  and	  interleukin	  10	  (65).	  Transforming	  growth	  factor-­‐β1	  is	  a	  strong	  stimulator	  of	  elastic	  expression	  as	  it	  is	  thought	  to	  affect	  the	  binding	  of	  cytosolic,	  trans-­‐acting	  protein	  whose	  interaction	  with	  mRNA	  destabilizes	  elastin	  transcripts	  (55,66).	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After	  tropoelastin	  mRNA	  undergoes	  extensive	  splicing,	  the	  mRNA	  is	  exported	  from	  the	  nucleus	  to	  the	  surface	  of	  the	  rough	  endoplasmic	  reticulum	  where	  translation	  occurs	  forming	  a	  72	  kDa	  polypeptide	  with	  an	  N-­‐terminal	  signal	  sequence	  of	  26	  amino	  acids	  (67).	  Following	  cleavage	  of	  the	  26	  amino	  acid	  signal	  sequence,	  tropoelastin	  travels	  through	  the	  lumen	  and	  is	  transported	  to	  the	  Golgi	  with	  a	  molecular	  weight	  of	  approximately	  60	  kDa.	  This	  intracellular	  tropoelastin	  then	  binds	  to	  the	  elastin	  binding	  protein	  (EBP)	  via	  hydrophobic	  residues	  in	  domain	  24,	  which	  is	  thought	  to	  prevent	  aggregation	  of	  the	  protein	  until	  the	  tropoelastin	  molecules	  are	  directed	  to	  specific	  elastin	  assembly	  sites	  on	  the	  cell	  surface	  (68).	  The	  EBP	  then	  interacts	  with	  cell	  surface	  galactosides	  which	  causes	  the	  release	  of	  tropoelastin	  (69).	  This	  process	  is	  illustrated	  in	  Figure	  1.3.	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Figure	  1.3.	  Schematic	  description	  of	  tropoelastin	  transcription	  to	  elastin	  deposition.	  
Obtained	  from	  (27).	  	  Tropoelastin	  is	  then	  able	  to	  self-­‐assemble	  at	  the	  cell	  surface	  through	  an	  entropy-­‐driven	  and	  thermodynamically	  favourable	  process	  known	  as	  coacervation	  (70).	  In	  the	  laboratory,	  with	  increase	  in	  temperature,	  synthetic	  tropoelastin	  goes	  from	  being	  predominately	  unstructured	  to	  a	  more	  ordered	  state.	  An	  increase	  in	  ionic	  strength	  is	  also	  known	  to	  facilitate	  self-­‐aggregation	  (71).	  A	  salt	  concentration	  of	  150	  mM	  allows	  full-­‐length	  tropoelastin	  to	  coacervate	  at	  the	  physiological	  temperature	  however,	  concentrations	  below	  100	  mM	  abolishes	  coacervation	  (72).	  In	  particular,	  tropoelastin	  self-­‐aggregates	  through	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hydrophobic	  interactions,	  specifically	  through	  the	  hydrophobic	  domains	  16,	  18,	  20,	  24,	  26	  and	  30	  forming	  protein	  rich	  aggregates	  in	  the	  aqueous	  environment	  (73,74).	  This	  is	  mainly	  because	  the	  PG	  sequences	  in	  the	  hydrophobic	  domains	  form	  a	  series	  of	  type	  II	  β-­‐structures	  which	  contribute	  to	  its	  more	  ordered	  state	  (74).	  Coacervated	  tropoelastin	  is	  postulated	  to	  remain	  attached	  to	  cells	  through	  cell	  surface	  integrin	  and	  EBPs	  until	  it	  is	  deposited	  onto	  the	  pre-­‐existing	  microfibrillar	  network	  (75,76).	  This	  process	  is	  illustrated	  in	  Figure	  1.4.	  	  	  	  
	  
Figure	  1.4.	  Elastin	  fibre	  production	  involving	  cell	  surface	  receptors	  EBP	  and	  
integrins.	  Obtained	  from	  (76).	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1.2.2	  Microfibrillar	  deposition	  	  The	  microfibrillar	  scaffold	  provides	  the	  structural	  framework	  for	  the	  deposition	  of	  tropoelastin	  which	  leads	  to	  the	  formation	  of	  elastic	  fibres	  (77).	  	  The	  microfibrillar	  proteins	  known	  to	  interact	  with	  tropoelastin	  include	  matrix-­‐associated	  glycoproteins,	  fibrillins,	  and	  fibulins	  (78).	  Fibrillin-­‐1	  is	  the	  major	  component	  of	  microfibrils	  (79).	  Fibulin-­‐5,	  also	  known	  as	  DANCE	  can	  bind	  to	  both	  tropoelastin	  and	  fibrillin-­‐1.	  It	  is	  thought	  to	  act	  as	  a	  bridge	  molecule	  for	  elastin	  and	  microfibrils	  and	  control	  the	  orientation	  of	  elastic	  fibres	  (80).	  Fibulin-­‐4	  on	  the	  other	  hand	  is	  known	  to	  recruit	  and	  activate	  lysyl	  oxidases	  which	  facilitate	  the	  formation	  of	  cross-­‐links	  between	  certain	  lysine	  residues	  on	  adjacent	  proteins	  to	  produce	  an	  interconnected	  elastin	  mesh	  (81,82).	  Both	  fibulin-­‐4	  and	  -­‐5	  are	  crucial	  for	  elastic	  fibre	  formation	  as	  shown	  by	  multiple	  studies	  where	  elastin	  assembly	  was	  severely	  disrupted	  with	  fibulin-­‐free	  fibroblast	  cultures	  (82)	  and	  fibulin-­‐knock	  out	  mice	  (83,84).	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1.2.3	  Cross-­‐linking	  	  	  	  Once	  tropoelastin	  is	  accumulated	  on	  the	  cell	  surface,	  the	  tropoelastin	  molecules	  are	  subjected	  to	  oxidation	  by	  lysyl	  oxidase	  enzymes	  at	  a	  subset	  of	  lysines.	  These	  lysines	  subsequently	  participate	  in	  aldol	  condensation	  and	  Schiff	  base	  reactions	  to	  form	  crosslinks.	  	  	  Specifically,	  this	  process	  is	  carried	  out	  through	  at	  least	  two	  lysyl	  oxidases,	  LOX	  and	  LOX-­‐like	  enzymes.	  LOX	  knockout	  mice	  showed	  a	  reduction	  in	  elastin	  cross-­‐linking	  (85).	  Lysyl	  oxidase	  catalyses	  the	  oxidative	  deamination	  of	  ϵ-­‐amino	  groups	  on	  lysine	  residues	  within	  tropoelastin	  (86)	  to	  form	  allysine	  (87).	  This	  is	  currently	  the	  only	  known	  posttranslational	  modification	  of	  tropoelastin.	  Allysine	  is	  the	  reactive	  precursor	  to	  a	  variety	  of	  intermolecular	  and	  intramolecular	  crosslinks	  found	  in	  tropoelastin	  which	  may	  further	  condense	  to	  form	  the	  tetrafunctional	  crosslinks	  demosine	  and	  isodesmosine	  (88).	  These	  cross-­‐links	  occur	  at	  multiple	  sites	  within	  the	  molecule	  with	  domains	  19-­‐25	  containing	  a	  particular	  high	  number	  of	  cross-­‐links	  (54,89).	  Each	  monomer	  is	  required	  to	  be	  cross-­‐linked	  with	  more	  than	  one	  molecule	  to	  form	  a	  three-­‐dimensional	  network.	  Therefore	  the	  alignment	  of	  the	  multiple	  cross-­‐linked	  sites	  in	  tropoelastin	  is	  not	  random,	  but	  requires	  the	  connection	  of	  specific	  cross-­‐linking	  sequences	  (90).	  The	  resulting	  cross-­‐linked	  elastin	  is	  a	  very	  stable	  structure	  with	  a	  low	  turnover,	  which	  has	  an	  ability	  to	  confer	  stretch	  and	  recoil	  to	  human	  tissues	  (91).	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1.2.4	  Structural	  model	  of	  tropoelastin	  assembly	  	  Utilising	  prior	  knowledge	  of	  where	  cross-­‐linking	  occurs	  on	  tropoelastin	  in	  combination	  with	  a	  structural	  investigation	  of	  tropoelastin,	  a	  head-­‐to-­‐tail	  model	  is	  used	  to	  describe	  elastic	  fibre	  assembly.	  Previous	  work	  identifying	  regions	  of	  cross-­‐linking	  revealed	  a	  3	  way	  covalent	  connection	  between	  domains	  10,	  19	  and	  25	  (Figure	  1.5A),	  where	  domains	  19	  and	  25	  are	  linked	  by	  a	  desmosine	  cross-­‐link	  while	  domain	  10	  bridges	  19	  and	  25	  through	  lysinonorleucine	  cross-­‐links	  (Figure	  1.5B)	  (90).	  The	  structure	  of	  tropoelastin	  shows	  that	  domains	  19	  and	  25	  brackets	  the	  20-­‐24	  spur	  region,	  which	  is	  also	  known	  as	  the	  hinge	  region	  and	  domain	  10	  is	  located	  distally	  in	  the	  coil	  part	  of	  the	  molecule	  (45).	  From	  this,	  domain	  19	  and	  25	  involvement	  is	  postulated	  to	  be	  from	  the	  one	  molecule,	  and	  domain	  10	  is	  from	  a	  second	  tropoelastin	  molecule,	  leading	  to	  a	  head-­‐to	  tail	  model	  (Figure	  1.5C).	  This	  model	  represents	  the	  formation	  of	  a	  string	  of	  monomers,	  where	  one	  of	  the	  few	  desmosines	  in	  tropoelastin	  is	  fixed	  by	  2	  lysinonorleucine	  cross	  links	  with	  domain	  10	  to	  establish	  a	  strong	  reinforced	  link	  at	  the	  junction	  of	  conjoined	  tropoelastins.	  This	  current	  head	  to	  tail	  model	  is	  a	  way	  of	  explaining	  how	  the	  elastic	  fibre	  retains	  elasticity,	  where	  the	  tropoelastin	  monomers	  are	  effectively	  propagated	  molecular	  springs	  (45,49).	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Figure	  1.5.	  Head-­‐to-­‐tail	  model	  for	  nascent	  elastic	  fibre	  assembly.	  (A)	  Juxtaposed	  
domains	  19	  and	  25	  on	  one	  tropoelastin	  molecule	  and	  domain	  10	  on	  an	  adjacent	  
monomer.	  (B)	  Molecular	  schematic	  of	  the	  crosslink	  interface.	  (C)	  Tandem	  assembly	  
displaying	  n-­‐mer	  propagation	  as	  an	  outcome	  of	  covalently	  bonded	  molecules.	  	  
Obtained	  from	  (45).	  
	  
	  
	  
	  
	  
	  
	  
to extend ∼8 times its resting length as the folded size of tropoe-
lastin is ∼20 nm (Fig. 2) and it can be extended up to ∼160 nm
(Fig. 4). Globular domains, such as Ig or FnIII domains, when
stretched by AFM extend form a folded length of ∼4 nm to
an unfolded length of ∼30 nm (32, 33), which is very similar
to tropoelastin. Fig. 5 shows typical forward (blue) and reverse
(red) force-extension traces after stretching and relaxing a tro-
poelastin molecule through multiple cycles. We observed no hys-
teresis in the tropoelastin molecule after repeated cycles within
the time scale used. The stretch and relaxation profiles of tropoe-
lastin impressively show it is a near perfect spring with minimal
energy loss. Ideal elastic behavior clearly places tropoelastin in
the same category as other natural elastomers such as rubbers
and resilin (26, 34, 35).
In summary single molecules of tropoelastin behave as perfect
elastic molecules, because they can be stretched to several times
the resting length and overstretching is a fully reversible process.
Implications for the Assembly and Elasticity of Vertebrate Tissue. In
vivo, elastin displays a prominent three-way covalent connection
between domains 10, 19, and 25 that encompasses a rare lysine-
specific desmosine cross link (36). The solution shape of tropoe-
lastin places domain 19 near 25 i.e., bracketing the 20–24 hinge,
whereas domain 10 is located distally in the coil part of the
molecule (Fig. 6A). On the basis that the proximal 19 and 25
are donated by one tropoelastin, and 10 from a second tropoe-
lastin molecule, a straightforward head-to-tail model ensues
(Fig. 6). The model is presented simply as a string of monomers
because tropoelastin propagates by rapid association via a mono-
mer to n-mer transition, and can accommodate the participation
of oligomers in the string (16). This model posits that one of the
few desmosines in tropoelastin (37–39) is braced by two lysino-
norleucines cross links with domain 10 (36) to establish a strong,
reinforced link at the junction of conjoined tropoelastins.
Furthermore, this array surrounds the junction with the longest
molecular springs, which are provided by the hydrophobic
domains 18, 20, 24, and 26. These elastic domains are critical to
association (20, 40–42).
This model mirrors the broader concept of head-to-tail assem-
bly seen for many structural proteins such as lamin, actin,
collagen I, and microfibrillar fibrillin-1. This assembly is sup-
ported by a low nanomolar binding constant (22.8! 2.9 nM)
between associating tropoelastin monomers (Fig. S3). An attrac-
tive implication of this tandem arrangement is that the elasticity
of the monomer is propagated along the extended molecule.
Additionally, these fine tandem fibers would be capable of lateral
association through presentation of their long, exposed hydro-
phobic axes to similar fibers. Lateral association is driven by
hydrophobic interactions that dominate the length of the mole-
cule, as evidenced by the self-aggregation of pure, isolated hydro-
phobic regions of tropoelastin (41, 43, 44).
This study has analyzed the shape of hydrated tropoelastin and
the elastic properties of the tropoelastin monomer. We find that
elastin’s extraordinary capacity for efficient elasticity resides with
the monomer. The solution shape studies establish a design prin-
ciple for making robust mechanical extension springs that func-
tion in an aqueous environment. Gray et al. (45) propose the
oiled coil based on the elastic functionality of the hydrophobic
segments, while several groups provide evidence for a compatible
filamentous model (41, 46, 47). It is clear from the current find-
ings that these models are not mutually exclusive and can be
merged. Hydrophobic domains define interspersed elastic seg-
ments that can each form a large coil. The shape of tropoelastin
is dominated by a condensed coil, so the molecule can now be
considered as an “oiled coiled coil.” Remarkably, there are dis-
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1.3	  Recombinant	  human	  tropoelastin	  
	  Due	  to	  the	  high	  stability	  of	  cross-­‐linked	  elastic	  fibres,	  there	  have	  been	  many	  complications	  in	  obtaining	  the	  uncross-­‐linked	  monomers	  from	  mammals.	  To	  overcome	  the	  limitations	  of	  these	  methods	  to	  obtain	  the	  monomeric	  form	  of	  elastin,	  recombinant	  human	  tropoelastin	  was	  expressed	  in	  an	  Escherichia	  coli	  bacterial	  expression	  system	  (17).	  This	  system	  was	  selected	  as	  it	  lacks	  the	  lysyl	  oxidases	  required	  for	  tropoelastin	  cross-­‐linking.	  Our	  laboratory	  uses	  a	  synthetic	  codon-­‐optimised	  elastin	  gene	  that	  generates	  high	  yields	  of	  recombinant	  60	  kDa	  tropoelastin	  (>1g/L	  culture).	  Despite	  the	  alteration	  of	  the	  DNA	  sequences	  to	  improve	  the	  synthesis	  of	  tropoelastin	  in	  bacterial	  systems,	  its	  primary	  amino	  acid	  structure	  is	  identical	  to	  that	  of	  the	  naturally	  secreted	  form	  (18).	  Upon	  the	  implementation	  of	  this	  method	  in	  synthesising	  monomeric	  forms	  of	  elastin,	  we	  have	  since	  been	  able	  to	  investigate	  tropoelastin’s	  structure/function	  relationships	  and	  elastic	  fibre	  assembly.	  However,	  there	  are	  still	  not	  many	  studies	  that	  have	  investigated	  the	  interaction	  between	  human	  tropoelastin	  and	  cells.	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1.4	  Elastin	  mutations	  and	  diseases	  	  
	  Mutations	  in	  tropoelastin	  have	  a	  significant	  impact	  on	  the	  assembly	  of	  elastic	  fibres.	  This	  is	  clearly	  demonstrated	  in	  pathological	  conditions	  such	  as	  supravalvular	  aortic	  stenosis	  (SVAS)	  and	  cutis	  laxa.	  	  	  For	  example,	  point	  mutations	  in	  exons	  8,	  16,	  18,	  20,	  21,	  25,	  26	  of	  the	  ELN	  gene	  are	  associated	  with	  SVAS	  (92-­‐96)	  which	  is	  a	  disease	  of	  the	  arterial	  wall	  characterised	  by	  aortic	  narrowing	  caused	  by	  the	  thickening	  of	  the	  media	  or	  intima	  layers	  (97).	  If	  left	  untreated,	  it	  can	  lead	  to	  complications	  such	  as	  increased	  resistance	  to	  blood	  flow	  causing	  elevated	  left-­‐heart	  pressure	  and	  myocardial	  hypertrophy	  and	  in	  serious	  cases,	  evolve	  to	  cardiac	  failure	  and	  death	  (97,98).	  	  Another	  example	  where	  by	  mutations	  in	  the	  ELN	  gene	  affect	  the	  patient	  is	  the	  condition,	  autosomal	  dominant	  cutis	  laxa	  (ADCL).	  It	  is	  characterised	  by	  redundant	  skin	  folds	  resulting	  in	  a	  prematurely	  aged	  appearance	  in	  patients	  (99).	  ADCL	  arises	  from	  missense	  or	  frameshift	  mutations	  at	  the	  3’	  end	  of	  the	  tropoelastin	  gene,	  specifically	  in	  exons	  25,	  30,	  32	  and	  33	  (99-­‐103).	  These	  changes	  are	  predicted	  to	  enable	  protein	  translation	  to	  proceed	  into	  the	  3’	  untranslated	  region.	  The	  lack	  of	  organisation	  seen	  with	  the	  resulting	  mutant	  may	  affect	  coacervation	  and	  cross-­‐link	  formations	  (104),	  which	  would	  be	  detrimental	  to	  the	  strength	  and	  elasticity	  of	  connective	  tissues	  (105).	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However,	  not	  all	  mutations	  in	  the	  elastin	  gene	  are	  linked	  to	  disease	  states.	  Such	  mutations	  are	  subtler,	  typically	  single	  nucleotide	  polymorphisms	  (SNPs),	  in	  contrast	  to	  the	  broader	  truncation	  or	  frameshift	  mutations	  previously	  described.	  The	  addition	  of	  charged	  residues	  in	  conserved	  hydrophobic	  domains	  and	  the	  replacement	  of	  a	  cross-­‐linking	  lysine	  with	  an	  arginine	  are	  examples	  of	  SNPs	  which	  affect	  the	  self-­‐assembly	  and	  structural	  integrity	  of	  full-­‐length	  tropoelastin,	  despite	  their	  lack	  of	  association	  with	  disease	  states	  (42).	  These	  observations	  suggest	  a	  tight	  correlation	  between	  sequence	  and	  function	  in	  tropoelastin,	  where	  even	  single	  point	  mutations	  can	  impact	  the	  assembly	  and	  mechanical	  properties	  of	  elastic	  fibres.	  These	  point	  mutations	  may	  even	  impact	  the	  cell	  interactive	  properties	  of	  the	  monomer	  and	  therefore,	  affect	  the	  downstream	  signalling	  effects	  that	  follow	  (49).	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1.5	  Elastin	  damage	  
	  Elastin	  fragments	  are	  generated	  upon	  injury	  and	  during	  wound	  healing	  and	  are	  released	  into	  the	  ECM	  through	  protease	  action.	  They	  have	  been	  shown	  to	  induce	  biological	  responses	  in	  cells	  (10),	  trigger	  transient	  proinflammatory	  responses	  by	  human	  dermal	  fibroblasts	  (11)	  and	  regulate	  elastin	  expression	  (12).	  	  	  Despite	  the	  surge	  in	  elastin	  expression	  following	  injury	  in	  a	  dermal	  context,	  formation	  of	  an	  elastic	  fibre	  network	  generally	  takes	  a	  year	  (106).	  Additionally,	  the	  deposition	  of	  elastin	  in	  the	  dermis	  following	  injury	  is	  irregular,	  contributing	  to	  a	  disrupted	  elastic	  fibre	  network	  and	  therefore	  reducing	  the	  elasticity	  and	  resilience	  of	  the	  mature	  scar	  (107).	  Scaffolds	  comprising	  soluble	  α-­‐elastin	  increased	  elastic	  fibre	  synthesis	  suggesting	  a	  role	  of	  elastin	  sequences	  in	  signalling	  this	  process	  (108,109).	  As	  the	  restoration	  of	  an	  intact	  and	  functional	  elastic	  fibre	  network	  is	  critical	  to	  regain	  complete	  skin	  function	  after	  injury,	  understanding	  tropoelastin’s	  signalling	  properties	  is	  critical	  in	  developing	  technologies	  to	  stimulate	  dermal	  regeneration.	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1.6	  Elastin	  signalling	  	  
	  Tropoelastin	  is	  known	  to	  support	  the	  adhesion,	  spreading	  and	  proliferation	  of	  various	  cell	  types	  such	  as	  fibroblasts,	  endothelial	  cells,	  vascular	  smooth	  muscle	  cells,	  mesenchymal	  stem	  cells,	  osteoblasts	  and	  chondrocytes.	  The	  interplay	  between	  tropoelastin	  and	  cells	  has	  significant	  physiological	  implications	  (110).	  However,	  understanding	  the	  tropoelastin	  signalling	  involved	  with	  these	  cell	  types	  is	  an	  emerging	  field	  as	  there	  have	  been	  limited	  studies	  in	  this	  area.	  	  	  Tropoelastin	  has	  been	  shown	  to	  induce	  a	  range	  of	  biological	  responses	  during	  wound	  healing	  including	  chemotaxis	  (111),	  fibroblast	  migration	  (112),	  proliferation	  (113),	  elastin	  synthesis	  (14)	  and	  MMP-­‐1	  expression	  (114).	  Chemotaxis	  is	  the	  primary	  process	  for	  attracting	  the	  necessary	  cells	  to	  injury	  sites	  in	  the	  body	  (111).	  In	  wound	  healing,	  degraded	  matrix	  such	  as	  elastin	  peptides	  and	  cell	  debris	  initiate	  the	  onset	  of	  wound	  repair	  by	  triggering	  elastin	  synthesis	  and	  attracting	  an	  influx	  of	  inflammatory	  and	  remodelling	  cells	  such	  as	  monocytes	  (115)	  and	  fibroblasts	  (116).	  This	  process	  has	  been	  shown	  to	  involve	  stimulation	  of	  cGMP	  and	  cGMP-­‐dependent	  protein	  kinase	  (117).	  Despite	  tropoelastin	  not	  being	  present	  in	  the	  epidermal	  basement	  membrane,	  in	  vitro	  studies	  have	  shown	  that	  elastin	  peptides	  also	  influence	  the	  activity	  of	  keratinocytes	  by	  promoting	  migration	  and	  terminal	  differentiation	  (118)	  and	  elastin	  synthesis	  (119).	  	  	  Recent	  studies	  have	  identified	  tropoelastin	  initiated	  signalling	  pathways	  involved	  during	  wound	  repair.	  Transduction	  of	  the	  tropoelastin	  signal	  was	  shown	  to	  be	  mediated	  by	  the	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fibroblast	  elastin	  binding	  protein	  (EBP),	  which	  is	  a	  part	  of	  the	  elastin	  receptor	  complex	  (ERC).	  EBP	  triggers	  protein	  kinase	  A	  (PKA)	  which	  directly	  regulates	  cAMP	  responsive	  element	  binding	  protein	  1	  (CREB1),	  nuclear	  factor	  κ-­‐light-­‐chain-­‐enhancer	  of	  activated	  B	  cells	  (NF-­‐κB)	  and	  activator	  protein	  1	  (AP1)	  (11).	  EBP	  therefore	  acts	  as	  a	  key	  junction	  between	  tropoelastin	  and	  transcription	  factors	  such	  as	  CREB1,	  NF-­‐κB	  and	  AP1.	  MMP-­‐12	  is	  also	  shown	  to	  be	  induced	  upon	  EBP	  recognition	  of	  elastin	  sequences	  (11).	  It	  is	  typically	  expressed	  by	  macrophages	  and	  functions	  in	  the	  inflammatory	  and	  repair	  stages	  of	  wound	  healing	  (120).	  MMP-­‐12	  is	  proposed	  to	  generate	  elastokines	  which	  propagate	  signalling	  and	  is	  thus	  important	  to	  the	  overall	  regulation	  of	  the	  proinflammatory	  state	  (121).	  Elastin	  sequence	  signalling	  through	  EBP	  also	  stimulates	  expression	  of	  a	  chemokine	  cluster	  of	  CXCL8,	  CXCL5,	  and	  CXCL1	  (11),	  which	  are	  temporally	  associated	  with	  neutrophil	  migration	  into	  the	  wound	  site	  (122).	  The	  vital	  role	  of	  these	  chemokines	  in	  wound	  healing	  is	  demonstrated	  in	  CXC	  receptor	  2	  (CXCR2)-­‐deficient	  mice	  (123),	  which	  is	  main	  receptor	  for	  CXCL8,	  CXCL5,	  and	  CXCL1,	  further	  elucidating	  the	  importance	  of	  elastin	  sequence	  recognition	  through	  the	  ERC	  via	  EBP	  during	  wound	  healing.	  	  	  Studies	  interfering	  integrin	  αVβ3’s	  activity	  were	  carried	  out	  and	  showed	  that	  there	  was	  reduced	  MMP-­‐12,	  CXCL8,	  CXCL5,	  and	  CXCL1	  expression	  demonstrating	  the	  integrin’s	  role	  as	  a	  signalling	  receptor	  in	  tropoelastin	  fragment	  signal	  transduction	  (11).	  It	  is	  therefore	  suggested	  as	  an	  alternative	  signalling	  pathway	  for	  tropoelastin/elastin	  fragment	  signal	  transduction	  that	  functions	  in	  parallel	  with	  the	  EBP-­‐PKA	  pathway.	  These	  tropoelastin	  initiated	  signalling	  events	  are	  illustrated	  in	  Figure	  1.6.	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Figure	  1.6.	  Model	  for	  elastin	  signalling.	  Elastin	  sequence	  adhesion	  and	  signalling	  
induces	  1)	  MMP-­‐12	  expression,	  2)	  expression	  of	  a	  chemokine	  cluster	  of	  CXCL8,	  
CXCL5,	  and	  CXCL1;	  and	  3)	  cell	  proliferation.	  Obtained	  from	  (11).	  	  Tropoelastin	  signalling	  is	  not	  just	  important	  in	  the	  context	  of	  skin	  and	  wound	  repair.	  Tropoelastin	  contact	  with	  endothelial	  cells	  has	  been	  shown	  to	  stimulate	  nitric	  oxide	  (NO)	  release,	  a	  fundamental	  regulator	  of	  vascular	  homeostasis	  (124).	  Tropoelastin	  is	  shown	  to	  do	  this	  through	  enhancing	  eNOS	  activation	  in	  an	  Akt	  dependant	  manner	  which	  in	  turn	  stimulate	  events	  leading	  to	  NO	  secretion	  (124).	  	  As	  the	  receptors	  are	  the	  initial	  point	  of	  contact	  by	  which	  the	  cells	  carry	  out	  their	  responses,	  understanding	  the	  receptors	  involved	  is	  crucial	  to	  exploring	  the	  responses	  and	  effects	  of	  tropoelastin	  signalling.	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1.7	  Elastin-­‐cell	  interactions	  
	  The	  interaction	  between	  elastin	  and	  cells	  affect	  chemotaxis,	  attachment,	  spreading,	  proliferation	  and	  differentiation	  (110).	  Downstream	  signalling	  effects	  triggered	  by	  cellular	  interactions	  with	  tropoelastin	  and	  elastin	  sequences	  have	  been	  shown	  to	  accelerate	  the	  process	  of	  wound	  healing	  and	  tissue	  regeneration	  (11,13).	  Elastic	  fibre	  assembly	  has	  also	  been	  associated	  with	  the	  cell	  interactive	  ability	  of	  tropoelastin	  (49,76).	  Therefore,	  understanding	  the	  cell	  adhesive	  properties	  of	  tropoelastin	  will	  contribute	  to	  identifying	  signalling	  pathways,	  crucial	  to	  cell	  survival,	  tissue	  maintenance	  and	  enhance	  our	  understanding	  of	  the	  elastin	  production	  process.	  Tropoelastin	  is	  known	  to	  interact	  directly	  with	  cells	  through	  the	  cell	  surface	  receptors	  elastin-­‐binding	  protein	  (EBP)	  (125),	  glycosaminoglycans	  (GAG)	  (126)	  and	  integrins	  (4,127)	  as	  shown	  in	  Figure	  1.8.	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Figure	  1.8.	  Schematic	  of	  cell	  adhesion	  receptors	  binding	  to	  tropoelastin.	  Obtained	  
from	  (107).	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1.7.1	  Elastin	  Binding	  Protein	  	  The	  EBP	  is	  a	  67	  kDa	  peripheral	  membrane	  protein	  that	  is	  an	  inactive	  spliced	  variant	  of	  β-­‐galactosidase	  and	  complexes	  with	  the	  integral	  membrane	  proteins	  carboxypeptidase	  A	  and	  sialidase	  to	  form	  a	  transmembrane	  elastin	  receptor	  (125,128).	  It	  is	  involved	  in	  cell-­‐signalling	  interactions	  of	  tropoelastin	  where	  it	  is	  able	  to	  recognise	  short	  hydrophobic	  sequences,	  primarily	  VGVAPG,	  a	  recurring	  sequence	  in	  tropoelastin	  (113)	  as	  shown	  in	  Figure	  1.8.	  It	  is	  also	  proposed	  to	  play	  a	  crucial	  role	  in	  preventing	  intracellular	  aggregation	  and	  proteolysis	  of	  tropoelastin	  and	  transports	  it	  to	  the	  cell	  surface	  before	  it	  binds	  to	  galactosides.	  The	  binding	  of	  beta-­‐galactoside	  sugar	  such	  as	  lactose	  to	  the	  lectin-­‐binding	  site	  on	  EBP	  allosterically	  reduces	  the	  affinity	  of	  the	  EBP	  to	  tropoelastin	  through	  dissociation	  with	  Neu-­‐1	  and	  Cath-­‐A	  which	  are	  part	  of	  the	  elastin	  receptor	  complex,	  and	  shedding	  of	  EBP	  from	  the	  cell	  surface	  thus	  releasing	  the	  protein	  (129).	  Neu-­‐1	  and	  Cath-­‐A	  do	  not	  bind	  elastin	  but	  are	  crucial	  in	  elastogenesis	  and	  facilitating	  signal	  transduction.	  Being	  part	  of	  the	  elastin	  receptor	  complex,	  they	  work	  with	  EBP	  to	  assist	  the	  binding	  to	  elastin.	  	  	  Cell	  function	  has	  been	  shown	  to	  be	  affected	  by	  elastin	  receptor-­‐mediated	  mechanisms.	  The	  EBP	  recognition	  sequence	  VGVAPG	  was	  has	  been	  shown	  to	  stimulate	  an	  increase	  in	  intracellular	  Ca2+	  through	  activation	  of	  G	  proteins	  and	  opening	  of	  L-­‐type	  calcium	  channels	  (130).	  This	  interaction	  has	  also	  been	  shown	  to	  initiate	  a	  range	  of	  other	  signalling	  events	  including	  the	  sequential	  activation	  of	  the	  tyrosine	  kinases	  focal	  adhesion	  kinase	  (FAK),	  c-­‐Src,	  platelet-­‐derived	  growth	  factor	  (PDGF)	  kinase	  and	  the	  Ras-­‐Raf-­‐MEK1/2-­‐ERK1/2	  phosphorylation	  cascade	  (131),	  the	  activation	  of	  phospholipase	  C	  (PLC)	  and	  PKC	  (132),	  and	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the	  upregulation	  of	  MMP-­‐2	  in	  cancer	  cells	  and	  MMP-­‐1	  in	  human	  dermal	  fibroblasts	  (114).	  Other	  elastin-­‐derived	  peptides	  containing	  valine,	  proline,	  and	  glycine	  residues	  have	  been	  shown	  to	  induce	  similar	  cellular	  responses	  (133,134).	  However	  their	  effects	  are	  variable	  and	  are	  not	  as	  potent	  as	  the	  effects	  of	  VGVAPG	  (134).	  	  	  Historically,	  EBP	  was	  thought	  to	  be	  a	  cell	  adhesive	  receptor	  involved	  in	  mediating	  tropoelastin-­‐cell	  interactions	  due	  to	  its	  well-­‐catalogued	  collection	  of	  cellular	  responses.	  There	  has	  since	  been	  steadily	  increasing	  evidence	  suggesting	  that	  although	  binding	  tropoelastin	  to	  the	  receptor	  elicits	  cell	  responses,	  it	  is	  not	  responsible	  for	  direct	  human	  dermal	  fibroblast	  tropoelastin	  interactions	  (126).	  Additionally,	  full-­‐length	  tropoelastin	  has	  repeatedly	  been	  shown	  to	  support	  cell	  adhesion	  even	  in	  the	  presence	  of	  EBP	  inhibitors	  (4).	  EBP	  appears	  to	  function	  as	  a	  detector	  of	  elastin-­‐derived	  fragments	  that	  are	  generated	  when	  elastin	  is	  damaged	  (4,135).	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1.7.2	  Glycosaminoglycans	  	  GAGs	  are	  linear,	  negatively	  charged,	  acidic	  polysaccharides	  that	  have	  molecular	  weights	  of	  roughly	  10-­‐100	  kDa.	  They	  are	  either	  linked	  to	  proteoglycans,	  including	  receptors	  of	  the	  syndecan	  family	  that	  reside	  on	  cell	  membranes	  or	  are	  located	  within	  the	  ECM	  as	  shown	  in	  Figure	  1.8	  (136,137).	  Due	  to	  the	  highly	  negative	  charge	  of	  GAGs	  and	  their	  locations,	  they	  are	  able	  to	  facilitate	  interactions	  with	  other	  cell	  receptors	  for	  cell-­‐cell	  signalling	  and	  many	  ECM	  proteins	  which	  initiate	  biochemical	  processes	  including	  the	  coagulation	  and	  complement	  cascades	  and	  modulation	  of	  immune	  responses	  (137,138).	  	  	  GAGs	  can	  be	  either	  sulfated	  or	  non-­‐sulfated	  where	  sulphated	  GAGs	  include	  heparan	  sulfate,	  chondroitin	  sulfate	  and	  heparin.	  Hyaluronic	  acid	  is	  a	  non-­‐sulfated	  GAG	  (139).	  As	  GAGs	  are	  negatively	  charged,	  they	  interact	  with	  positively	  charged	  amino	  acids	  such	  as	  lysines	  in	  a	  number	  of	  molecules	  including	  tropoelastin	  (138).	  Previous	  studies	  have	  shown	  that	  Chinese	  hamster	  ovarian	  cells	  interact	  with	  the	  C-­‐terminus	  of	  bovine	  tropoelastin	  via	  cell	  surface	  GAGs.	  These	  studies	  showed	  that	  29	  amino	  acids	  of	  the	  C-­‐terminal	  of	  bovine	  tropoelastin	  displayed	  a	  strong	  binding	  affinity	  when	  passed	  through	  a	  heparan	  affinity	  column	  (126).	  Mutant	  cell	  lines	  of	  these	  cells	  with	  defective	  GAG	  synthesis	  showed	  a	  reduced	  adhesion	  to	  bovine	  elastin.	  This	  was	  further	  confirmed	  by	  utilising	  GAG	  based	  inhibitors,	  which	  showed	  that	  heparan	  sulfate	  and	  chondroitin	  sulfate	  GAGs	  are	  required	  for	  cell-­‐bovine	  tropoelastin	  adhesion	  (126).	  In	  contrast,	  the	  use	  of	  GAG-­‐based	  inhibitors	  was	  not	  seen	  to	  inhibit	  human	  dermal	  fibroblast	  binding	  to	  full	  length	  human	  tropoelastin,	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suggesting	  the	  additional	  involvement	  of	  another	  receptor	  in	  mediating	  cell	  interactions	  in	  certain	  cell	  lines	  (4).	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1.7.3	  Integrins	  	  Integrins	  are	  dominant	  mediators	  of	  cellular	  interactions	  with	  ECM	  components.	  They	  tether	  to	  matrix	  molecules	  by	  interacting	  with	  the	  cytoskeleton.	  They	  are	  known	  to	  influence	  cellular	  morphology,	  and	  facilitate	  processes	  such	  as	  cell	  migration	  and	  proliferation,	  wound	  repair,	  tissue	  organisation,	  development	  and	  host	  immune	  responses	  (140).	  They	  are	  heterodimeric	  transmembrane	  receptors	  containing	  one	  α-­‐	  subunit	  non-­‐covalently	  linked	  to	  one	  β	  subunit.	  In	  humans,	  18	  different	  α	  and	  β	  subunits	  can	  dimerize	  to	  form	  a	  wide	  range	  of	  receptor	  combinations,	  which	  allow	  for	  ligand	  specificity	  (141-­‐143).	  Extracellular	  divalent	  cations	  (Ca2+,	  Mg2+	  and	  Mn2+	  depending	  on	  the	  integrin)	  bind	  to	  integrins,	  which	  also	  influences	  both	  its’	  binding	  affinity	  and	  specificity	  to	  ligands.	  	  Integrins	  are	  typically	  in	  a	  bent	  confirmation,	  which	  is	  the	  closed,	  inactivated	  state	  as	  shown	  in	  Figure	  1.9a.	  The	  current	  model	  is	  that	  an	  extracellular	  signal,	  recognised	  by	  a	  signal	  receptor	  on	  the	  cell	  surface	  activates	  an	  intracellular	  signalling	  cascade	  (144),	  which	  initiates	  the	  separation	  of	  the	  integrin’s	  cytoplasmic	  and	  transmembrane	  subunits	  through	  binding	  intracellular	  anchor	  proteins,	  talins	  and	  kindlins	  (145,146).	  This	  initiates	  an	  inside-­‐out	  signalling	  allowing	  the	  extension	  of	  the	  integrin	  subunits	  in	  the	  extracellular	  domain	  as	  illustrated	  in	  Figure	  1.9b	  (147,148).	  This	  open	  conformation	  allows	  binding	  of	  the	  matrix	  ligands,	  which	  then	  facilitates	  outside-­‐to-­‐inside	  signalling	  allowing	  the	  clustering	  of	  integrins	  at	  the	  plasma	  membrane	  (Figure	  1.9c)	  (149).	  This	  clustering	  of	  integrins	  in	  focal	  adhesions	  leads	  to	  the	  recruitment	  of	  focal	  adhesion	  kinase	  (FAK),	  molecules	  which	  phosphorylate	  each	  other	  and	  other	  kinases.	  The	  resulting	  phosphorylation	  cascade	  relays	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the	  extracellular	  signals	  intracellularly.	  These	  processes	  are	  crucial	  for	  integrins	  to	  form	  tight	  focal	  adhesions,	  which	  are	  important	  for	  actin	  cytoskeletal	  assembly	  and	  activation	  of	  further	  downstream	  signals	  to	  control	  various	  cell	  functions	  such	  as	  adhesion,	  spreading	  and	  proliferation	  (150).	  The	  initial	  outside-­‐in	  signalling	  is	  currently	  much	  less	  well	  understood	  in	  comparison	  to	  the	  inside-­‐out	  signalling	  during	  this	  process.	  The	  exact	  mechanisms	  of	  how	  integrins	  are	  initially	  activated	  are	  yet	  to	  be	  explored	  (151).	  	  	  
	  	  
Figure	  1.9.	  Schematic	  of	  integrin	  structure	  in	  (a)	  inactive	  (bent),	  (b)	  active	  
(extended)	  and	  (c)	  active	  (clustered).	  Obtained	  from	  (152).	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Transmembrane Domain
The transmembrane (TM) domains of integrins are single spanning structures 
comprised of ~25–29 amino acid residues that form D-helical coiled coils that 
either homo- or heterodimerize (Adair and Yeager 2002). Unlike integrin extracellular 
domains, no high-resolution experimental X-ray crystal structures are available for 
the TM domain of any integrin heterodimer, and much of the structural data are 
based on NMR analysis. Structural information from the DIIbE3 heterodimer TM 
domains have only recently been solved in their entirety (Adair and Yeager 2002; 
Lau et al., 2008a, 2008b, 2009). The DIIb TM domain is a 24 residue D-helix 
followed by a backbone reversal that lacks a significant helix tilt (Lau et al. 2008a). 
The distal GFF motif (depicted in bold in Figure 2.3) is highly conserved in the 18 
human integrin D subunits and likely plays an important role in the transition from 
the resting to active states. The E3 TM domain is a 30-residue linear D helix that 
is somewhat longer than the width of a typical lipid bilayer, implying that a pro-
nounced helix tilt is present within the plasma membrane (Lau et al. 2008b). 
D
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Fig. 2.2 Integrin structure of D subunits lacking the I-domain. a Integrins in their unbound, inactive 
resting state. In this state integrins are in a bent conformation and the transmembrane and 
cytoplasmic regions are closely associated. b Once activated by talins and kindlins, there is sepa-
ration of the cytoplasmic and transmembrane subunits and extension of the integrins extracellular 
domains. Extracellular ligand binding can occur in this conformation. c When activated integrins 
bind to ligand, they cluster at the plasma membrane. Clustering is necessary to send intracellular 
signals to form tight focal adhesions (FA), important for actin cytoskeletal assembly and activation 
of further downstream signals to control various cellular functions
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Integrins	  were	  thought	  to	  only	  interact	  with	  ligands	  through	  an	  RGD	  motif,	  which	  is	  perhaps	  one	  of	  the	  most	  recognised	  example	  of	  a	  minimal	  recognition	  sequence	  in	  the	  integrin	  field	  (153).	  RGD	  was	  originally	  derived	  from	  fibronectin	  and	  has	  since	  been	  found	  in	  other	  ECM,	  blood	  and	  cell	  surface	  proteins	  (154,155).	  Since	  tropoelastin	  does	  not	  contain	  an	  RGD	  sequence,	  it	  was	  excluded	  as	  a	  potential	  ligand	  for	  integrins.	  It	  has	  since	  been	  shown	  that	  several	  non	  RGD-­‐containing	  proteins	  are	  indeed	  ligands	  for	  integrins	  (156).	  Non-­‐RGD	  motifs	  that	  bind	  to	  integrins	  include	  the	  GROGER	  and	  GFOGER	  sequences	  (where	  O	  is	  hydroxyproline)	  derived	  from	  the	  major	  collagens	  (156,157).	  	  	  More	  recently,	  it	  has	  been	  shown	  that	  human	  dermal	  fibroblasts	  bind	  to	  the	  C-­‐terminus	  of	  tropoelastin	  via	  the	  integrin	  αvβ3	  as	  shown	  in	  Figure	  1.8.	  This	  study	  employed	  inhibition	  studies	  utilising	  EDTA,	  which	  chelates	  divalent	  cations	  required	  for	  integrin	  binding	  and	  monoclonal	  antibodies	  which	  inhibit	  specific	  integrin	  subclasses	  (4).	  The	  addition	  of	  these	  significantly	  diminished	  cell	  attachment	  and	  cell	  spreading	  on	  tropoelastin	  suggesting	  the	  importance	  of	  integrins	  in	  the	  cell-­‐tropoelastin	  interaction.	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1.7.4	  Cell	  binding	  sites	  on	  tropoelastin	  	  A	  number	  of	  molecules	  including	  fibronectin	  and	  collagen	  have	  been	  largely	  mapped	  for	  cell	  adhesion	  sites	  (154,157).	  Mapping	  the	  cell	  binding	  sites	  on	  these	  molecules	  and	  reducing	  these	  sites	  to	  minimal	  recognition	  sequences	  has	  allowed	  significant	  progress	  in	  understanding	  the	  physiological	  and	  pathological	  cell	  responses	  to	  these	  proteins	  (153).	  In	  contrast,	  limited	  mapping	  studies	  on	  cell	  binding	  sites	  in	  tropoelastin	  have	  been	  reported.	  	  	  It	  has	  previously	  been	  shown	  that	  there	  are	  cell	  interactive	  sites	  for	  both	  integrins	  and	  GAGs	  in	  the	  C-­‐terminal	  region	  of	  tropoelastin,	  specifically	  through	  the	  short	  sequence	  GRKRK	  (4,126).	  However,	  subsequent	  experiments	  in	  our	  laboratory	  have	  used	  a	  tropoelastin	  construct	  in	  which	  the	  C-­‐terminal	  RKRK	  motif	  was	  deleted.	  The	  construct	  lacking	  the	  RKRK	  motif	  was	  able	  to	  support	  fibroblast	  adhesion.	  This	  observation	  points	  to	  the	  possibility	  of	  a	  secondary	  binding	  site	  within	  tropoelastin.	  	  	  	  	  	  	  	  	  	  
	   	   	   35	  
1.8	  Project	  aims	  	  The	  objectives	  of	  this	  thesis	  are	  to	  map	  secondary	  cell	  binding	  sites	  within	  tropoelastin	  and	  identify	  the	  receptors	  involved	  in	  mediating	  its	  interaction	  with	  cells.	  The	  study	  employs	  mutagenesis	  to	  create	  truncated	  versions	  of	  tropoelastin	  and	  utilises	  cellular	  assays	  to	  investigate	  their	  cell	  adhesive	  abilities.	  Peptides	  were	  also	  utilised	  in	  the	  cellular	  assays	  to	  identify	  the	  specific	  amino	  acids	  crucial	  in	  the	  cell-­‐tropoelastin	  interaction.	  The	  cell	  surface	  receptors	  involved	  in	  binding	  to	  these	  sites	  were	  determined	  by	  inhibition	  studies.	  This	  is	  based	  on	  the	  hypothesis	  that	  one	  or	  more	  segments	  of	  tropoelastin	  are	  involved	  in	  the	  interaction	  with	  cells	  through	  one	  or	  more	  receptors	  on	  the	  cell	  surface.	  	  	  The	  specific	  aims	  of	  the	  work	  described	  in	  this	  thesis	  are	  to:	  	   1) express	  and	  purify	  truncated	  forms	  of	  tropoelastin;	  2) investigate	  the	  cell	  adhesive	  abilities	  of	  these	  constructs;	  3) narrow	  down	  the	  binding	  sites	  to	  short	  sequences;	  4) examine	  the	  specific	  amino	  acids	  involved	  in	  cell	  binding	  to	  tropoelastin;	  and	  5) explore	  the	  specific	  receptors	  involved	  in	  driving	  these	  interactions.	  	  The	  phases	  of	  the	  study	  involve	  synthesising	  the	  tropoelastin	  contructs,	  cellular	  studies	  utilising	  these	  tropoelastin	  constructs,	  identifying	  the	  specific	  amino	  acid	  residues	  important	  in	  any	  interactions,	  and	  the	  specific	  receptors	  involved	  in	  driving	  these	  interactions.	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Chapter	  2:	  A	  novel	  cell	  adhesion	  region	  
in	  tropoelastin	  that	  mediates	  
attachment	  to	  integrin	  alphaVbeta5	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  	  This	  chapter	  appears	  as	  the	  following	  published	  paper	  in	  The	  Journal	  of	  Biological	  Chemistry:	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Lee,	  P.,	  Bax,	  D.	  V.,	  Bilek,	  M.	  M.,	  and	  Weiss,	  A.	  S.	  (2014)	  A	  novel	  cell	  adhesion	  region	  in	  tropoelastin	  mediates	  attachment	  to	  integrin	  alphaVbeta5.	  J	  Biol	  Chem	  289,	  1467-­‐147	  
2.	  A	  novel	  cell	  adhesion	  region	  in	  tropoelastin	  that	  mediates	  
attachment	  to	  integrin	  alphaVbeta5	  
	  
2.1	  Introduction	  
	  Cell	  interactions	  with	  the	  surrounding	  extracellular	  matrix	  (ECM)	  are	  critical	  for	  a	  multitude	  of	  cellular	  responses	  including	  cell	  survival	  and	  tissue	  maintenance.	  Integrins	  are	  dominant	  cell	  surface	  receptors	  that	  help	  to	  mediate	  cell	  interactions	  with	  ECM	  components	  (140)	  that	  influence	  cell	  migration	  and	  proliferation,	  tissue	  organization,	  wound	  repair,	  development,	  and	  host	  immune	  responses.	  Integrins	  are	  heterodimeric	  transmembrane	  glycoprotein	  receptors	  comprising	  non-­‐covalently	  linked	  alpha	  and	  beta	  subunits.	  In	  humans,	  at	  least	  18	  alpha	  and	  8	  beta	  subunits	  can	  dimerize	  to	  give	  diverse	  receptor	  combinations.	  This	  combination	  of	  alpha	  and	  beta	  subunits	  is	  the	  basis	  for	  ECM	  ligand	  specificity	  (158).	  It	  was	  once	  thought	  that	  integrins	  only	  recognize	  RGD	  (159)	  however	  it	  is	  now	  appreciated	  that	  non-­‐RGD	  motifs	  also	  serve	  as	  ligands.	  Additionally	  many	  ECM	  proteins	  contain	  a	  distal	  domain	  that	  synergizes	  with	  the	  core	  attachment	  site	  to	  elicit	  full	  cell	  binding	  activity	  and	  integrin	  receptor	  specificity.	  For	  example,	  fibronectin	  contains	  an	  upstream	  PHSRN	  synergy	  sequence	  that	  is	  required	  for	  full	  integrin	  binding	  activity	  (160).	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Integrin	   αVβ5	   is	   widely	   expressed	   by	   cells	   such	   as	   by	   fibroblasts,	   endothelial	   cells,	   and	  vascular	   smooth	  muscle	   cells	  where	   it	   is	   involved	   in	   activation	  dependent	   cell	  migration	  and	  cell	  adhesion	  to	  the	  ECM	  (161).	  Myofibroblasts	  express	  elevated	  levels	  of	  integrin	  αVβ5	  during	  dermal	  wound	  repair	  (162).	  Alongside	  integrin	  αVβ3	  integrin	  αVβ5	  plays	  a	  major	  role	  in	  growth-­‐factor	  induced	  angiogenesis	  through	  a	  distinct	  pathway;	  where	  integrin	  αVβ3	  acts	  through	  basic	  fibroblast	  growth	  factor	  (bFGF)	  and	  TNFα,	  whilst	  integrin	  αVβ5	  acts	  through	  VEGF	   and	   TGFα	   (163).	   Integrins	   αVβ3	   and	   αVβ5	   interact	   with	   fibulin-­‐5	   and	   so	   may	  participate	  in	  elastogenesis	  through	  anchorage	  of	  elastic	  fibers	  to	  cells	  (164).	  	  Elastic	  fibers	  are	  a	  key	  structural	  component	  of	  the	  extracellular	  matrix	  where	  they	  provide	  elastic	   recoil	   and	   resilience	   to	   tissues	   that	   are	   subjected	   to	   repetitive	   extensile	   forces	  including	   the	  skin,	   lung	  and	  the	  vasculature.	  Elastin	   is	   involved	   in	  a	  range	  of	   interactions	  with	  fibroblasts,	  smooth	  muscle	  cells	  and	  endothelial	  cells,	  where	  it	  influences	  chemotaxis,	  attachment,	  spreading,	  proliferation	  and	  differentiation	  (165).	  	  Tropoelastin	  and	  therefore	  elastin	   interact	  directly	  with	  cells	   through	  several	  cell-­‐surface	  receptors	   including	   the	   elastin	   binding	   protein	   (EBP)	   (166),	   glycosaminoglycans	   (GAGs)	  (167),	   and	   integrin	   αvβ3	   (168).	   Tropoelastin	   can	   interact	   with	   cells	   indirectly	   via	  interactions	  with	  other	  ECM	  proteins	  such	  as	  fibulin-­‐5	  (164,169).	  	  The	   67	   kDa	   EBP	   is	   a	   peripheral	   membrane	   splice	   variant	   of	   β-­‐galactosidase	   which	  complexes	  with	  the	  integral	  membrane	  proteins	  carboxypeptidase	  A	  and	  sialidase	  to	  form	  a	  transmembrane	   elastin	   receptor	   (170).	   This	   receptor	   binds	   a	   XGXXPG	   consensus	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sequences,	   and	   in	   particular	   to	   VGVAPG	   within	   exon	   24	   within	   elastin	   (171)	   Although	  binding	   elicits	   cell	   responses	   (172-­‐176)	   it	   is	   not	   responsible	   for	   direct	   human	   dermal	  fibroblast-­‐tropoelastin	  interactions;	  rather	  EBP	  appears	  to	  function	  as	  a	  detector	  of	  elastin-­‐derived	  fragments	  that	  are	  generated	  when	  elastin	  is	  damaged	  (166).	  	  	  	  Cell	   surface	   heparan	   and	   chondroitin	   sulfate-­‐containing	   glycosaminoglycans	   serve	   as	  cellular	  receptors	  for	  chondrocyte-­‐tropoelastin	  interactions	  (167).	  This	  GAG	  mediated	  cell-­‐binding	  activity	  is	  located	  in	  the	  C-­‐terminal	  25	  amino	  acid	  residues	  of	  bovine	  tropoelastin.	  HS	  mediated	  interactions	  have	  also	  been	  noted	  for	  human	  fibroblasts	  and	  smooth	  muscle	  cells	  binding	  to	  bovine	  tropoelastin	  (177).	  Although	  GAG-­‐tropoelastin	  interactions	  are	  well	  established	   for	  bovine	   tropoelastin,	   this	   same	   interaction	  has	  not	  been	  shown	   for	  human	  tropoelastin.	  Presumably	  this	  is	  because	  this	  interaction	  occurs	  with	  sequences	  contributed	  by	  exons	  34	  and	  35	  of	  bovine	  tropoelastin	  that	  are	  absent	  from	  human	  tropoelastin	  (168).	  	  	  As	  tropoelastin	  does	  not	  contain	  a	  classic	  integrin-­‐binding	  RGD	  sequence,	  for	  some	  time	  it	  was	  under-­‐explored	   for	  potential	   integrin-­‐binding	   ligands.	   Subsequently	   integrin	  αVβ3	  on	  human	  dermal	   fibroblasts	  was	   found	   to	   recognize	   the	  extreme	  C-­‐terminal	  RKRK	  motif	   of	  human	   tropoelastin	   (168).	   However	   this	   interaction	   does	   not	   account	   for	   the	   full	   cell-­‐binding	  activity	  of	  tropoelastin.	  Human	  umbilical	  vein	  endothelial	  cells	  can	  attach	  to	  the	  N-­‐terminal	   (2-­‐18),	   central	   (18-­‐27)	   and	   the	   C-­‐terminal	   domains	   (18-­‐36)	   of	   recombinant	  fragments	  of	  human	  tropoelastin	  (178,179)	  although	   the	  mechanism	  of	   interaction	   is	  not	  known	  and	  sequence	  non-­‐specificity	  cannot	  be	  excluded.	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Here	  we	  have	  used	  recombinant	  tropoelastin	  constructs	  to	  identify	  a	  new	  cell-­‐binding	  site	  in	  tropoelastin	  and	  identify	  integrin	  αVβ5	  as	  the	  major	  receptor	  for	  this	  novel	  region.	  
2.2	  Materials	  
	  Recombinant	  human	  tropoelastin	  was	  produced	  in-­‐house	  (180).	  Human	  dermal	  fibroblasts	  (HDFs)	  were	  sourced	  from	  the	  Coriell	  Research	  Institute	  (Camden,	  NJ)	  Anti-­‐human	  integrin	  antibodies	  17E6	   (αV),	  P1D6	   (α5β1)	   and	  PIF6	   (αVβ5)	  were	   from	  Abcam.	  All	  other	   reagents	  were	  from	  Sigma-­‐Aldrich.	  	  
2.3	  Methods	  
	  
2.3.1	  Tropoelastin	  construct	  expression	  	  
	  Tropoelastin	   constructs	   encoding	   ΔRKRK	   (aa27-­‐721),	   N25	   (aa27-­‐541),	   N18	   (aa27-­‐366),	  N10	   (aa27-­‐181)	   and	   17-­‐27	   (aa298-­‐596)	   (Fig.	   2.1)	  were	   cloned	   in	   house	   into	   the	   pET3d	  vector	  from	  the	  wild	  type	  (WT)	  full	   length	  tropoelastin	  sequence	  corresponding	  to	  amino	  acid	   residues	   27–724	   of	   GenBank	   entry	   AAC98394	   (gi	   182020).	   The	   constructs	   were	  cloned	   into	   E.	   coli	   BL21	   (DE3)	   and	   overexpressed	   as	   described	   in	   (180).	   	   The	   purified	  protein	  was	   further	  purified	  by	  reversed	  phase	  high-­‐performance	   liquid	  chromatography	  (RP-­‐HPLC)	  using	  an	  Agilent	  Technologies	  Zorbax	  StableBond	  300SB-­‐C18	  5μm	  column.	  A	  0-­‐100%	   acetonitrile,	   0.1%	   TFA	   gradient	   over	   1h	   was	   used	   to	   elute	   protein	   fractions.	   SDS	  PAGE	   (Fig.	   2.2)	   confirmed	   single	   discrete	   species	   corresponding	   to	   predicted	   molecular	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masses.	  	  
2.3.2	  Cell	  culture	  
	  GM3348	   human	   dermal	   fibroblasts	   (HDFs)	   were	   cultured	   in	   DMEM	   supplemented	   with	  10%	  (v/v)	  and	  FBS,	  passaged	  1	  in	  3	  every	  3	  or	  4	  days.	  	  
	  
2.3.3	  Cell	  attachment	  and	  spreading	  	  Cell	   attachment	   and	   spreading	   analysis	  was	   performed	   as	   described	   (168).	   Tropoelastin	  coated	  and	  denatured	  BSA	  (dBSA)	  blocked	  wells	  were	  incubated	  with	  cell	  suspensions	  for	  1h	  at	  37°C.	  For	  attachment	  analysis,	  unless	  stated	  otherwise	  the	  wells	  were	  washed	  3x	  with	  PBS	   to	   remove	   loosely	   adherent	   cells.	   For	   increasing	   washing	   conditions	   the	   cells	   were	  washed	  with	  between	  1	  and	  7	  sequential	  PBS	  washes	  before	  fixing	  the	  adherent	  cells	  in	  3%	  formaldehyde.	  Adherent	  cells	  were	  stained	  with	  0.1%	  (w/v)	  crystal	  violet	  in	  0.2	  M	  MES,	  pH	  5.0	   for	  1h.	  For	   cell	   spreading,	   cells	  were	  not	  aspirated	  before	   fixing	   in	  3%	   formaldehyde	  solution.	   A	   2.5x105	   cells/ml	   cell	   suspension	  was	   used	   for	   all	   attachment	   analysis,	   and	   a	  1×105	   cells/ml	   cell	   suspension	   was	   used	   for	   all	   spreading	   analysis.	   For	   cell	   spreading	  assays	   cells	   were	   visualized	   by	   phase	   contrast	   microscopy	   with	   a	   Zeiss	   Axiovert	   200M	  Microscope	  at	  100×magnification	  and	  photos	  taken	  on	  a	  Pixelink	  (model	  PL-­‐A623)	  camera	  for	  cell	  spreading	  quantification.	  To	  observe	  the	  relative	  degree	  of	  cell	  spreading	  between	  tropoelastin	   constructs,	   the	   area	   of	   cell	   spreading	   was	   quantified	   using	   ImageJ.	   For	  inhibition	   studies	   the	   degree	   of	   attachment	   was	   measured	   using	   a	   yes/no	   threshold	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methodology;	  Cells	  with	  a	  flattened	  phase-­‐dark	  body	  and	  visible	  nucleus	  were	  considered	  defined	   as	   spread	   whereas	   cells	   that	   were	   rounded	   and	   phase-­‐bright	   were	   considered	  unspread.	  The	  extent	  of	  cell	  spreading	  was	  read	  by	  3	  observers	  who	  were	  blinded	  to	   the	  sample	  identity.	  This	  method	  of	  quantification	  was	  shown	  to	  be	  comparable	  to	  calculation	  of	  cell	  area	  using	  ImageJ	  (data	  not	  shown).	  	  	  
2.3.4	  Inhibition	  and	  cation	  add-­‐back	  studies	  
	  Inhibition	  studies	  were	  conducted	  as	  above	  except	  that	  final	  concentrations	  of	  5	  mM	  EDTA,	  10	  mM	  β-­‐lactose,	  10	  mM	  α-­‐lactose,	  10	  mM	  D-­‐glucose,	  10	  μg/ml	  heparan	  sulfate	  (HS),	  and	  10μg/ml	   antibodies	   17E6,	   P1D6,	   and	   IgG	   were	   included	   during	   cell	   attachment	   or	  spreading.	  P1F6	  was	  diluted	  1	  in	  300	  for	  cell	  attachment	  assays	  and	  diluted	  1	  in	  150	  for	  cell	  spreading	  assays.	  
	  To	   determine	   the	   effect	   of	   cations,	   the	   same	  methodology	  was	   used	   except	   that	   the	   cell	  pellet	  was	  suspended	  in	  cation-­‐free	  PBS,	  centrifuged	  at	  800g	  for	  5	  min	  and	  resuspended	  in	  cation-­‐free	  PBS.	  The	  cells	  were	  presented	  to	  the	  tropoelastin	  coated	  surfaces	  with	  0.05-­‐0.4	  mM	  cation	  and	  a	  final	  cell	  density	  of	  2.5x105	  cells/ml.	  	  
2.3.5	  Immunofluorescence	  of	  actin	  cytoskeletal	  assembly	  
	  Glass	  coverslips	  were	  placed	  into	  the	  wells	  of	  a	  24	  well	  tissue	  culture	  plate	  and	  incubated	  with	  tropoelastin	  constructs	  overnight	  at	  4°C.	  The	  tropoelastin	  solution	  was	  then	  aspirated	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and	   any	   unbound	   surfaces	   were	   blocked	  with	   1%	   (w/v)	   dBSA	   (80°C/10min)	   for	   1	   h	   at	  room	   temperature.	   500	   μl	   cells	   at	   a	   density	   of	   2x105cells/ml	   in	   serum-­‐free	  DMEM	  were	  added	  to	  each	  well	  and	  incubated	  for	  1.5	  h	  at	  37°C.	  Cells	  were	  fixed	  with	  formaldehyde	  and	  the	  actin	  cytoskeleton	  and	  nuclei	  visualized	  as	  in	  (181).	  	  	  
2.3.6	  Statistical	  analysis	  
	  Experiments	  were	  performed	  in	  triplicate	  or	  quadruplicate	  as	   indicated	  and	  converted	  to	  mean	  ±	  standard	  deviation	  of	  mean	  (SD)	  then	  analyzed	  using	  one-­‐way	  or	  two-­‐way	  analysis	  of	   variance	   (ANOVA)	   applied	   with	   Bonferroni’s	   post-­‐tests.	   Data	   was	   accepted	   as	  statistically	  significant	  at	  p<0.05.	  *	  =	  p<0.05,	  **	  =	  p<0.01	  and	  ***	  =	  p<0.001.	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2.4	  Results	  
	  
2.4.1	   The	   tropoelastin	   C-­‐terminal	   RKRK	   motif	   does	   not	   completely	  
account	  for	  cell	  binding	  activity	  	  
	  In	  our	  previous	   study	  although	  RKRK	  containing	  peptides	   could	   support	   cell	   attachment,	  inhibition	   of	   C-­‐terminal	   RKRK-­‐dependent	   cell-­‐binding	   did	   not	   completely	   block	   the	  attachment	   of	   human	   dermal	   fibroblasts	   (HDF)	   to	   wild-­‐type	   (WT)	   tropoelastin	   (168).	  Although	   work	   showed	   that	   the	   C-­‐terminal	   region	   bound	   integrin	   αVβ3,	   the	   relative	  importance	   of	   the	   region	   in	   a	   context	   of	   the	   rest	   of	   the	   molecule	   was	   not	   assessed.	  Therefore	  to	  explore	  the	  role	  of	  RKRK	  in	  the	  context	  of	  the	  remainder	  of	  the	  tropoelastin	  molecule,	  it	  was	  removed	  from	  WT	  tropoelastin	  to	  generate	  the	  ΔRKRK	  construct	  (Fig.	  2.1).	  HDF	  bound	  to	  both	  WT	  and	  ΔRKRK	  tropoelastin	   in	  a	  dose-­‐dependent	  manner	  (Fig.	  2.3A).	  Regardless	   of	   the	   concentration	   tested,	   cell	   binding	   to	  ΔRKRK	  did	  not	   significantly	   differ	  from	   WT	   tropoelastin.	   Maximum	   cell	   attachment	   to	   ΔRKRK	   (86.94±2.92%)	   and	   WT	  (84.64±1.53%)	  at	  200	  nM	  was	  indistinguishable.	  To	  further	  probe	  the	  cell	  binding	  affinity	  of	   WT	   and	   ΔRKRK,	   cell	   attachment	   assays	   were	   performed	   with	   increasing	   numbers	   of	  washing	   cycles	   to	   progressively	   remove	   more	   loosely	   adherent	   cells	   (Fig.	   2.3B),	   which	  again	   showed	  comparable	  behavior.	  This	   suggested	   that	  another	   sequence(s)	  maintained	  tight	  cell	  binding	  elsewhere	  in	  tropoelastin.	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  To	   determine	   if	   these	   constructs	   elicited	   differing	   signaling	   required	   for	   actin	   fiber	  assembly,	   cells	  bound	   to	  WT	  and	  ΔRKRK	  were	  visualized	  by	   immunofluorescent	  confocal	  microscopy	   (Fig.	   2.4).	   WT	   and	   ΔRKRK	   tropoelastin	   both	   supported	   cell	   attachment	   and	  spreading.	  However,	   cells	   on	  ΔRKRK	  displayed	   an	   altered	  morphology	   and	  more	   cellular	  projections.	   Cells	   on	   ΔRKRK	   presented	   markedly	   less	   actin	   fiber	   assembly	   than	   on	   WT	  tropoelastin.	  	  Together	  these	  data	  suggest	  that	  while	  removal	  of	  the	  RKRK	  motif	  affects	  cell	  signaling	   it	  does	  not	  alter	  the	  cell	  binding	  affinity	  of	  tropoelastin.	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Figure	  2.1.	  Schematic	  representation	  of	  tropoelastin-­‐based	  constructs.	  The	  white	  
regions	  indicate	  hydrophilic	  domains	  and	  the	  black	  segments	  indicate	  hydrophobic	  
domains.	  The	  gray	  region	  at	  the	  C-­‐terminus	  of	  WT	  represents	  the	  RKRK	  sequence.	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Figure	  2.2.	  SDS-­‐PAGE	  analysis	  of	  tropoelastin-­‐based	  constructs.	  SDS-­‐PAGE	  of	  WT,	  
ΔRKRK,	  N25,	  N18,	  N10	  and	  17-­‐27.	  5	  μg	  of	  each	  purified	  protein	  construct	  was	  loaded.	  
Std	  indicates	  the	  molecular	  mass	  standards	  whose	  masses	  are	  indicated	  at	  the	  left	  of	  
the	  gel.	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FIGURE	  2.3.	  Cellular	  interactions	  with	  WT	  and	  ΔRKRK	  tropoelastin.	  Cell	  adhesion	  A)	  
to	  increasing	  molar	  concentrations	  of	  WT	  (circles)	  and	  ΔRKRK	  (triangles),	  B)	  to	  WT	  
and	  ΔRKRK	  under	  increasing	  washing	  conditions.	  Error	  bars	  represent	  SD	  where	  
n=3.	  All	  data	  points	  have	  error	  bars	  however	  some	  of	  the	  data	  points	  appear	  to	  lack	  
error	  bars	  due	  to	  very	  low	  error	  values.	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Figure	  2.4.	  Immunofluorescence	  confocal	  images	  of	  the	  actin	  cytoskeleton	  (red)	  and	  
cell	  nuclei	  (blue)	  of	  cell	  spreading	  onto	  WT	  and	  ΔRKRK.	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2.4.2	   Central	   domains	   of	   tropoelastin	   support	   cell	   adhesion	   and	  
spreading	  	  
	  Constructs	  containing	  premature	  C-­‐terminal	  truncations:	  the	  N-­‐terminus	  to	  domain	  25	  (N25),	  the	  N-­‐terminus	  to	  domain	  18	  (N18),	  and	  N-­‐terminus	  to	  domain	  10	  (N10)	  were	  used	  to	  delineate	  potential	  RKRK-­‐independent	  cell	  binding	  regions.	  The	  WT,	  N18	  and	  N10	  forms	  of	  tropoelastin	  showed	  dose	  dependent	  adherence	  to	  HDF	  (Fig	  2.5).	  At	  maximal	  200nM	  coating	  concentrations	  WT	  was	  more	  cell	  adhesive	  (60.2±49.6%)	  than	  N18	  (51.2±0.8%),	  which	  in	  turn	  was	  more	  cell	  adhesive	  than	  N10	  (22.2±0.8%).	  N25	  was	  used	  to	  assess	  if	  domains	  C-­‐terminally	  adjacent	  to	  N18	  were	  required	  for	  full	  cell	  adhesion	  (Fig.	  2.6A).	  At	  low	  coating	  concentrations,	  N25	  presented	  slightly	  higher	  levels	  of	  cell	  binding	  activity	  than	  N18.	  At	  concentrations	  where	  cell	  attachment	  reached	  plateau,	  cell	  adhesion	  to	  N18	  (41.5±2.8%)	  and	  N25	  (42.2±7.8%)	  did	  not	  differ	  where	  both	  supported	  significantly	  less	  attachment	  than	  WT	  (54.6±1.6%).	  Increasing	  washing	  cycles	  on	  attached	  cells	  (Fig.	  2.6B)	  showed	  comparable	  cell	  attachment	  for	  N18	  and	  N25,	  suggesting	  that	  they	  both	  have	  the	  same	  cell	  binding	  affinity.	  This	  is	  explained	  by	  a	  model	  where	  domains	  2-­‐18	  account	  for	  the	  cell	  binding	  activity	  of	  this	  region	  with	  no	  requirement	  for	  C-­‐terminal	  domains	  of	  tropoelastin.	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Figure	  2.5.	  Cell	  attachment	  to	  C-­‐terminal	  tropoelastin	  truncations.	  Cell	  adhesion	  to	  
tropoelastin	  constructs	  to	  increasing	  molar	  concentrations	  of	  WT	  (circles),	  N18	  
(triangles)	  and	  N10	  (diamonds).	  Statistical	  significance	  is	  indicated	  by	  *(p<0.05),	  
**(p<0.01)	  or	  ***(p<0.001).	  Error	  bars	  represent	  SD	  where	  n=3.	  All	  data	  points	  have	  
error	  bars	  however	  some	  of	  the	  data	  points	  appear	  to	  lack	  error	  bars	  due	  to	  very	  low	  
error	  values.	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Figure	  2.6.	  Cell	  attachment	  to	  A)	  to	  increasing	  molar	  concentrations	  of	  WT,	  N25	  
(inverted	  triangles)	  and	  N18	  and	  C)	  to	  N25	  and	  N18	  with	  increasing	  washing	  
conditions.	  Statistical	  significance	  is	  indicated	  by	  *(p<0.05),	  **(p<0.01)	  or	  
***(p<0.001).	  Error	  bars	  represent	  SD	  where	  n=3.	  All	  data	  points	  have	  error	  bars	  
however	  some	  of	  the	  data	  points	  appear	  to	  lack	  error	  bars	  due	  to	  very	  low	  error	  
values.	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  The	  overlapping	  construct	  containing	  domains	  17	  to	  27	  (17-­‐27)	  confirmed	  that	  the	  major	  cell-­‐binding	  site	  in	  N18	  was	  in	  domains	  17	  and	  18	  of	  tropoelastin	  (Fig.	  2.7).	  Both	  17-­‐27	  and	  N18	  supported	  dose	  dependent	  cell	  attachment.	  At	  all	  concentrations	  the	  attachment	  to	  17-­‐27	   did	   not	   significantly	   differ	   from	   N18.	   Maximal	   cell	   attachment	   was	   comparable	   at	  52.3±2.8%	  and	  47.0±6.7%	   for	  200	  nM	  17-­‐27	   and	  N18	   respectively.	  Both	  17-­‐27	   and	  N18	  supported	  a	   lower	   level	  of	   cell	   attachment	   than	  WT	   tropoelastin	   (57.9±4.4%).	   Increasing	  washing	   cycles	   were	   used	   to	   further	   investigate	   the	   cell	   binding	   affinity	   between	   the	  constructs	  (Fig.	  2.7A).	  With	  persistent	  washing	  (6-­‐7	  washes),	  the	  cell	  binding	  activity	  was	  not	  statistically	  different	  between	  17-­‐27	  and	  N18	  (Fig.	  2.7B).	  	  	  In	  summary,	  these	  tropoelastin	  constructs	  showed	  clear	  differences	  in	  their	  ability	  to	  support	  HDF	  adhesion	  with	  affinities	  WT	  =	  ΔRKRK	  >	  N25	  =	  N18	  ≥	  17-­‐27	  >	  N10.	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FIGURE	  2.7.	  Cell	  attachment	  to	  N18	  and	  17-­‐27	  tropoelastin.	  Cell	  adhesion	  to	  
tropoelastin	  constructs	  A)	  to	  increasing	  molar	  concentrations	  of	  WT	  (circles),	  N18	  
(triangles)	  and	  17-­‐27	  (diamonds)	  and	  B)	  to	  N18	  and	  17-­‐27	  under	  increasing	  washing	  
conditions.	  Statistical	  significance	  relative	  to	  N18	  is	  indicated	  by	  *(p<0.05),	  
**(p<0.01)	  or	  ***(p<0.001).	  Error	  bars	  represent	  SD	  where	  n=3.	  All	  data	  points	  have	  
error	  bars	  however	  some	  of	  the	  data	  points	  appear	  to	  lack	  error	  bars	  due	  to	  very	  low	  
error	  values.	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Phase	   contrast	   microscopy	   was	   used	   to	   visualize	   fibroblast	   spreading	   on	   100	   nM	   WT,	  ΔRKRK,	  N18,	  17-­‐27	  and	  N10	   constructs	   after	  60	  min	   (Fig.	   2.8).	  N10	  and	   the	  background	  control	   showed	   lower	   areas	   of	   cell	   spreading	   (495.1±127.4μm	   and	   212.8±17.2μm	  respectively)	   compared	   to	   WT	   (1085.4±73.7μm),	   ΔRKRK	   (939.4±131.2μm),	   N18	  (967.4±112.6μm)	  and	  17-­‐27	  (758.7±73.4μm).	  In	  addition,	  N10	  supported	  larger	  cell	  areas	  compared	   to	   the	   background	   control.	   This	   was	   consistent	   with	   the	   trend	   seen	   from	   the	  previous	   cell	   attachment	   studies.	   The	   same	   trend	   was	   seen	   when	   cell	   incubation	   times	  were	   extended	   to	   90	  min	   (data	   not	   shown).	   Representative	   images	   (Fig.	   2.9)	   show	   that	  although	   N10	   was	   slightly	   different	   to	   the	   background	   control,	   it	   did	   not	   support	   HDF	  spreading;	  the	  majority	  of	  cells	  were	  rounded	  and	  phase	  bright.	  In	  contrast,	  on	  WT,	  ΔRKRK,	  N18	   and	   17-­‐27	   the	   majority	   of	   HDF	   were	   phase	   dark	   and	   had	   cellular	   projections	  accompanied	  by	  a	   flattened	  cell	  morphology.	   It	   should	  be	  noted	   that	   slight	  differences	   in	  spreading	  were	  observed	  by	  confocal	  microscopy	  of	  the	  actin	  cytoskeleton	  (Fig.	  2.4)	  versus	  phase	   contrast	   microscopy	   (Fig.	   2.9)	   which	   can	   be	   attributed	   to	   the	   methodological	  differences	  between	  these	  techniques.	  	  	  Taken	  together	  these	  data	  point	  to	  a	  dominant	  cell-­‐binding	  region	  common	  to	  N18	  and	  17-­‐27.	   Their	   mapped	   shared	   sequence	   is	   17-­‐18	   which	   is	   distinct	   from	   EBP	   binding	   region	  (domain	   24;(170)),	   GAG	   binding	   site	   (C-­‐terminus;(167))	   or	   RKRK-­‐integrin	   αVβ3	   binding	  site	  (domain	  36;	  (168)).	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Figure	  2.8.	  Quantification	  of	  cell	  spreading	  to	  tropoelastin	  constructs.	  Error	  bars	  
represent	  SD	  where	  n=4.	  Statistical	  significance	  is	  indicated	  by	  *(p<0.05),	  **(p<0.01)	  
or	  ***(p<0.001).	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Figure	  2.9.	  Representative	  images	  of	  cell	  spreading	  to	  tropoelastin	  constructs.	  Scale	  
bars	  indicate	  200	  μm.	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2.4.3	   Human	   dermal	   fibroblast	   attachment	   to	   the	   central	   region	   of	  
tropoelastin	   is	   independent	  of	   the	  elastin-­‐binding	  protein	  and	  heparan	  
sulfate	  	  	  Lactose	  inhibits	  EBP-­‐dependent	  cell-­‐binding	  to	  tropoelastin	  (177).	  Furthermore	  HS	  blocks	  glycosaminoglycan	  (GAG)	  mediated	  cell	  binding	  (167).	  To	  determine	   if	   the	  central	   region	  utilized	  EBP	  or	  a	  GAG-­‐mediated	  mechanism,	  cell	  adhesion	  was	  performed	  in	  the	  presence	  of	  α-­‐lactose,	  β-­‐lactose,	  the	  control	  D-­‐glucose,	  or	  heparan	  sulfate	  (data	  not	  shown).	  Neither	  α-­‐lactose,	   β-­‐lactose	   or	   D-­‐glucose	   perturbed	   cell	   attachment	   to	  WT,	   ΔRKRK	   or	   N18.	   Also,	  heparan	   sulfate	   did	   not	   significantly	   affect	   HDF	   attachment.	   These	   data	   reveal	   that	   HDF	  adhesion	  to	  this	  region	  was	  not	  primarily	  driven	  by	  either	  of	  these	  mechanisms.	  	  	  	  
2.4.4	  Human	  dermal	  fibroblast	  attachment	  and	  spreading	  to	  N18	  and	  17-­‐
27	  is	  mediated	  via	  alphaV	  containing	  integrin(s)	  
	  Integrins	  are	   inhibited	  by	  chelation	  of	  cations,	  so	  we	  examined	  the	  effect	  of	  EDTA	  on	  cell	  binding	   to	   ΔRKRK,	   N18	   and	   17-­‐27	   (Fig.	   2.10).	   In	   the	   presence	   of	   5	   mM	   EDTA,	   cell	  attachment	  to	  WT,	  ΔRKRK,	  N18	  and	  17-­‐27	  decreased	  substantially,	  suggesting	  an	  integrin	  mediated	   cell-­‐binding	  mechanism.	   Concentration	   gradients	   of	   Ca2+,	  Mg2+,	   and	  Mn2+	  were	  added	  back	  to	  HDFs	  in	  cation-­‐free	  buffer	  (Fig.	  2.11).	  Consistent	  with	  EDTA	  inhibition,	  only	  background	  levels	  of	  cell	  attachment	  were	  seen	  in	  cation-­‐free	  buffer	  for	  WT,	  ΔRKRK,	  N18	  and	  17-­‐27.	  Cell	  attachment	  was	  stimulated	  on	  all	   four	  tropoelastin	  constructs	  using	  up	  to	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0.4	   mM	   Mn2+	   containing	   buffer	   in	   a	   dose	   dependent	   manner.	   Mg2+	   also	   stimulated	   cell	  attachment	  but	  at	   lower	  levels	  than	  Mn2+.	  Ca2+	  stimulated	  low	  levels	  of	  cell	  attachment	  at	  all	  concentrations.	  	  
	  
	  
FIGURE	  2.10.	  Cation	  dependence	  of	  HDF	  attachment	  to	  tropoelastin	  constructs.	  Cells	  
were	   incubated	   with	   WT,	   ΔRKRK,	   N18	   and	   17-­‐27	   in	   the	   presence	   of	   EDTA.	   Cell	  
attachment	  to	  BSA	  was	  deducted	  for	  each	  value.	  Error	  bars	  represent	  SD	  where	  n=3.	  
All	  data	  points	  have	  error	  bars	  however	  some	  of	  the	  data	  points	  appear	  to	  lack	  error	  
bars	  due	  to	  very	  low	  error	  values.	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Figure	  2.11.	  Cation	  dependence	  of	  HDF	  attachment	  to	   tropoelastin	  constructs.	  Cells	  
were	  incubated	  with	  WT,	  ΔRKRK,	  N18	  and	  17-­‐27	  in	  the	  presence	  of	  a	  concentration	  
gradient	  of	  Mn2+	  (triangles,	   long	  dashed	  line),	  Mg2+	  (squares,	  short	  dashed	  line),	  or	  
Ca2+	  (circles,	  solid	   line).	  Cell	  attachment	  to	  BSA	  was	  deducted	   for	  each	  value.	  Error	  
bars	  represent	  SD	  where	  n=3.	  All	  data	  points	  have	  error	  bars	  however	  some	  of	  the	  
data	  points	  appear	  to	  lack	  error	  bars	  due	  to	  very	  low	  error	  values.	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This	   pattern	   of	   cation	  dependency	   is	   characteristic	   of	   integrin	  mediated	   cell	   interactions	  (182).	  Therefore	  to	  determine	  the	  specific	  integrin	  subunits	  involved	  a	  panel	  of	  inhibitory	  anti-­‐integrin	   antibodies	   were	   included	   during	   cell	   spreading	   studies	   to	   inhibit	   defined	  integrin	  subunit	  function	  (Fig.	  2.12).	  Cell	  spreading	  assays	  were	  performed	  in	  preference	  to	  cell	  attachment	  assays	  because	  subtle	  differences	  in	  cell	  interactions	  are	  more	  noticeable	  in	  cell	   spreading	  assays	  due	   to	   the	  potential	   for	   changes	   in	   cell	  morphology	   that	  would	  not	  necessarily	   result	   in	   altered	   cell	   attachment	   (183).	   Inclusion	   of	   the	   pan	   anti-­‐αV	   integrin	  inhibitory	  antibody	  17E6	  significantly	  inhibited	  cell	  spreading	  to	  WT	  (26.2±7.3%),	  ΔRKRK	  (11.1±3.9%),	   N18	   (2.2±3.7%)	   and	   17-­‐27	   (0±0%)	   compared	   to	   no	   antibody	   control	   cell	  spreading	   (80.9±5.4%,	   73.4±5.9,	   42.1±6.5%	   and	   27.7±13.7%	   respectively).	   In	   contrast,	  17E6	  did	  not	  significantly	  alter	  cell	  spreading	  on	  negative	  control	  BSA-­‐coated	  wells	  (data	  not	  shown).	  17E6	  inhibition	  can	  be	  explained	  by	  the	  need	  for	  an	  αV	  containing	  integrin	  for	  cell	  attachment	  to	  the	  17-­‐18	  region	  of	  tropoelastin.	  Neither	  P1D6	  (anti	  α5β1)	  nor	  the	  non-­‐immune	  IgG	  control	  inhibited	  cell	  spreading	  on	  the	  constructs.	  To	  test	  the	  functionality	  of	  P1D6,	  spreading	  of	  HDFs	  onto	  an	  α5β1	  ligand,	  fibronectin	  (FN)	  in	  the	  presence	  of	  10	  and	  20	  μg/ml	   P1D6	  was	   compared	   to	  N18	   (Fig.	   2.13).	   Inclusion	   of	   P1D6	   at	   both	   concentrations	  significantly	   inhibited	   cell	   spreading	   onto	   FN	   (69.0±19.2%	   and	   58.3±9.2%	   respectively)	  compared	   to	   the	   no	   antibody	   control	   (97.0±2.9%),	   however	   cell	   spreading	   onto	   N18	  remained	   unchanged.	   Integrin	   αVβ3	   binding	   is	   specific	   for	   the	   C-­‐terminus	   of	   tropoelastin	  (168)	  so	  we	  tested	  for	  other	  αV-­‐containing	  integrin	  binding.	  P1F6	  (anti-­‐αVβ5)	  inhibited	  cell	  attachment	   on	   N18	   (21.9.1±0.4%)	   and	   17-­‐27	   (11.7±3.7%);	   this	   contrasted	   with	   the	   no	  antibody	  control	  (44.1±6.8%	  and	  29.6±6.8%,	  respectively).	  There	  was	  no	  P1F6	  dependent	  inhibition	  of	  cell	  attachment	  to	  WT	  (78.1±3.8%)	  and	  ΔRKRK	  (67.9±3.9%)	  compared	  to	  no	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antibody	  control	  (78.6±4.1%	  and	  73.9±7.8%	  respectively)	  (Fig.	  2.14A).	  On	  the	  other	  hand,	  inclusion	  of	  P1F6	   inhibited	   cell	   spreading	  on	  WT	   (60.1±4.2%),	  ΔRKRK	   (31.5±8.8%),	  N18	  (8.2±4%)	   and	   17-­‐27	   (10.1±7.2%)	   compared	   to	   no	   antibody	   control	   cell	   spreading	  (80.9±5.4%,	  73.4±5.9,	  42.1±6.5%	  and	  27.7±13.7%	  respectively)	  (Fig.	  2.14B).	  To	  control	  for	  P1F6	   specificity	   HDF	   spreading	   on	   a	   non-­‐αVβ5	   ligand	   Collagen	   type	   I	   (COL1),	   in	   the	  presence	  of	  P1F6,	  was	  compared	  to	  tropoelastin	  constructs	  N18	  and	  17-­‐27	  (Fig.	  2.15).	  As	  previously	  shown,	  inclusion	  of	  P1F6	  inhibited	  cell	  spreading	  on	  N18	  (10.7±1.9%)	  and	  17-­‐27	   (4.4±2.7%)	   compared	   to	   the	   no	   antibody	   control	   (60.2±8.3%	   and	   50.9±10.3%	  respectively).	  In	  contrast	  no	  inhibition	  of	  cell	  spreading	  to	  COL1	  was	  observed.	  	  	  These	   data	   reveal	   that	   the	   αV	  containing	   integrin,	   αVβ5,	   interacts	  with	   the	   dominant	   cell-­‐binding	  region	  common	  to	  tropoelastin	  constructs	  N18	  and	  17-­‐27.	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FIGURE	  2.12.	  Percentage	  cell	  spreading	  to	  tropoelastin	  constructs	  in	  the	  presence	  of	  
function	  blocking	  anti-­‐integrin	  monoclonal	  antibodies.	  Cell	  spreading	  onto	  A)	  WT,	  B)	  
ΔRKRK,	  C)	  N18	  and	  D)	  17-­‐27	  in	  the	  presence	  of	  anti-­‐integrin	  antibodies	  17E6	  (anti	  
pan	  αv),	  P1D6	  (anti	  α5β1)	  and	  Non-­‐immune	  IgG.	  BSA	  background	  was	  deducted	  for	  
each	  value.	  Error	  bars	  represent	  SD	  where	  n=4.	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Figure	  2.13.	  Percentage	  cell	  spreading	  to	  tropoelastin	  constructs	  in	  the	  presence	  of	  
function	  blocking	  anti-­‐integrin	  monoclonal	  antibodies.	  Cell	  spreading	  to	  A)	  N18	  and	  
B)	  FN	  in	  the	  presence	  of	  P1D6.	  BSA	  background	  was	  deducted	  for	  each	  value.	  Error	  
bars	  represent	  SD	  where	  n=4.	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Figure	  2.14.	  Percentage	  cell	  attachment	  and	  spreading	  to	  tropoelastin	  constructs	  in	  
the	  presence	  of	  the	  function	  blocking	  anti-­‐integrin	  αvβ5	  monoclonal	  antibody	  P1F6.	  
A)	  Cell	  attachment	  and	  B)	  cell	  spreading	  onto	  WT,	  ΔRKRK,	  N18	  and	  17-­‐27	  in	  the	  
presence	  of	  P1F6.	  BSA	  background	  was	  deducted	  for	  each	  value.	  Error	  bars	  
represent	  SD	  where	  n=4	  for	  spreading	  and	  n=3	  for	  attachment.	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Figure	  2.15.	  Percentage	  cell	  attachment	  and	  spreading	  to	  tropoelastin	  constructs	  in	  
the	  presence	  of	  the	  function	  blocking	  anti-­‐integrin	  αvβ5	  monoclonal	  antibody	  P1F6.	  
Cell	  spreading	  onto	  A)	  N18,	  B)	  17-­‐27	  and	  C)	  COL1	  (1μg/ml)	  in	  the	  presence	  of	  P1F6.	  
BSA	  background	  was	  deducted	  for	  each	  value.	  Error	  bars	  represent	  SD	  where	  n=4	  for	  
spreading	  and	  n=3	  for	  attachment.	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2.5	  Discussion	  
	  Previous	   studies	   investigating	   the	   binding	   of	   fibroblasts	   to	   tropoelastin	   have	   shown	   that	  integrin	  αvβ3	  mediates	  cell	  binding	  to	  the	  C-­‐terminal	  GRKRK	  sequence	  (168).	  Persistent	  cell	  binding	   to	   a	   ∆RKRK	   construct	   suggests	   the	   existence	   of	   another	  RKRK	   independent	   cell-­‐binding	   site(s)	   within	   tropoelastin.	   This	   is	   consistent	   with	   previous	   studies	   as	   peptide	  inhibition	  of	  RKRK	  dependent	  cell-­‐binding	  was	  not	  capable	  of	  fully	  blocking	  cell	  attachment	  to	  tropoelastin	  (168).	  Instead	  WT	  and	  ΔRKRK	  supported	  a	  noticeable	  difference	  in	  the	  actin	  fiber	  assembly.	  Actin	  fiber	  assembly	  requires	  appropriate	  cues	  from	  the	  surrounding	  ECM.	  Therefore	  the	  RKRK	  motif	  may	  possess	  a	  significant	  role	  in	  cell	  signaling.	  Alternatively	  it	  is	  plausible	   that	   the	   RKRK	   motif	   is	   one	   of	   a	   number	   of	   cell	   adhesive	   sites	   present	   on	  tropoelastin	  and	  ligation	  of	  one	  site	  by	  a	  cell	  is	  sufficiently	  strong	  enough	  for	  cell	  adhesion	  but	   insufficiently	   secure	   enough	   for	   cytoskeletal	   assembly.	   As	   such	   full	   cell	   binding	   to	  tropoelastin	  is	  an	  additive	  process	  requiring	  simultaneous	  binding	  by	  multiple	  sites.	  	  To	   locate	   the	   RKRK	   independent	   binding	   regions	   we	   examined	   further	   C-­‐terminal	  truncations	  of	  tropoelastin	  to	  identify	  potential	  new	  cell	  adhesive	  sites.	  N25,	  N18,	  N10	  and	  17-­‐27	  supported	  cell	  binding.	  Although	  N10	  could	  support	  cell	  binding	  this	  was	  at	  a	  much	  lower	  level	  than	  the	  other	  constructs,	  and	  so	  it	  was	  not	  considered	  sufficiently	  cell	  adhesive	  to	   be	   responsible	   for	   RKRK-­‐independent	   cell	   attachment.	   Inclusion	   of	   domains	   19-­‐25	   in	  N25	   over	   those	   present	   in	   N18	   did	   not	   influence	   cell	   binding,	   so	   domains	   C-­‐terminal	   of	  domain	   18	   were	   deemed	   to	   be	   unnecessary	   for	   cell	   adhesion	   to	   this	   new	   site.	   17-­‐27	  consistently	   showed	   similar	   cell	   binding	   behavior	   to	   N18	   indicating	   that	   cell	   binding	  
	   	   	   68	  
occurred	   in	   the	   overlapping	   domains	   17	   and/or	   18.	   Subtle	   differences	   in	   cell	   affinity	  between	  N18	  and	  17-­‐27	  were	  observed	  which	  could	  be	  accounted	   for	  by	   the	  presence	  of	  domains	  2-­‐10	  in	  N18	  but	  not	  17-­‐27.	  N10	  contains	  a	  low	  affinity	  cell-­‐binding	  site	  and	  so	  the	  subtle	  differences	  between	  N18	  and	  17-­‐27	  may	  simply	  reflect	  the	  additional	  site	  contained	  in	   domains	   2-­‐10	   of	   N18	   over	   17-­‐27.	  With	   increasingly	   stringent	  washing	   conditions	   cell	  binding	  affinity	  to	  N18	  and	  17-­‐27	  were	  comparable	  which	  is	  consistent	  with	  the	  inclusion	  of	   a	   low	   affinity	   cell	   binding	   site	   in	   N18	   which	   is	   sensitive	   to	   more	   stringent	   washing	  regimes.	  It	  could	  be	  argued	  that	  C-­‐terminal	  tropoelastin	  truncations	  may	  lead	  to	  changes	  in	  the	  3D	  folding	  of	  these	  truncated	  constructs.	  However	  the	  solution	  structures	  of	  WT,	  N25	  and	  N18	  have	  all	  been	  solved	  with	  by	  small	  angle	  X-­‐ray	  scattering	  showing	  that	  these	  three	  constructs	  possess	  structures	  that	  are	  superimposable	  (184).	  Therefore	   it	   is	  unlikely	  that	  the	  different	   cell	   binding	   affinities	   can	  be	   attributed	   to	   gross	  unfolding	  of	   the	  C-­‐terminal	  truncated	  tropoelastin	  constructs.	  We	  conclude	  that	  the	  persistent	  cell	  binding	  observed	  on	  N18	  and	  17-­‐27	  is	  due	  to	  the	  existence	  of	  a	  common	  binding	  site	  within	  domains	  17/18	  of	  the	  overlapping	  region	  in	  these	  constructs.	  	  	  Cell	  adhesion	  is	  the	  initial	  step	  in	  cellular	  interactions	  with	  ECM	  proteins	  which	  can	  engage	  transmembrane	   integrins	   and	   trigger	   a	   signaling	   cascade	   resulting	   in	   a	   flattened	   cellular	  morphology	  (183).	  This	  requirement	  for	  both	  cellular	  engagement	  and	  cell	  signaling	  allows	  for	  differences	  in	  cell	  interactions	  to	  be	  ascertained	  by	  cell	  spreading	  analysis	  (185).	  HDFs	  were	  capable	  of	  spreading	  on	  WT,	  ΔRKRK,	  N18	  and	  17-­‐27.	  Similar	  to	  the	  attachment	  data,	  spreading	   to	   N10	   was	   significantly	   higher	   than	   background	   but	   lower	   than	   the	   other	  tropoelastin	   constructs.	   There	  were	   no	   significant	   differences	   in	   cell	   areas	   between	  N18	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and	  17-­‐27.	  Additionally,	  N18	  and	  17-­‐27	  supported	  significantly	  larger	  cell	  areas	  than	  N10	  and	  background.	  This	  result	  is	  consistent	  with	  a	  model	  where	  a	  site	  within	  N18	  and	  17-­‐27	  can	  attach	  to	  and	  subsequently	  elicit	  a	  spreading	  response	  in	  HDFs.	  	  	  	  We	   sought	   to	   identify	   the	   cell	   receptor	   responsible	   for	   mediating	   this	   newly	   identified	  fibroblast-­‐tropoelastin	   interaction.	   Lactose	   inhibition	   studies	   showed	   that	   that	   fibroblast	  attachment	   to	   the	   17-­‐18	   cell-­‐binding	   site	   was	   not	   mediated	   by	   EBP.	   This	   lack	   of	  involvement	  of	  EBP	  is	  consistent	  with	  several	  studies	  showing	  that	  full-­‐length	  tropoelastin	  cell	   attachment	   is	  EBP-­‐independent	   (177).	  GAG	  mediated	  cell	  binding	  has	  been	  observed	  between	   human	   dermal	   fibroblasts	   and	   the	   C-­‐terminal	   25	   amino	   acids	   of	   bovine	  tropoelastin.	   This	   is	   in	   contrast	   with	   our	   current	   results	   as	   HS	   does	   not	   inhibit	   HDF	  attachment	   to	   human	   tropoelastin	   (168,177).	   The	   C-­‐termini	   of	   human	   and	   bovine	  tropoelastin	  share	  a	  high	  degree	  of	  homology	  in	  the	  domain	  encoded	  by	  exon	  36,	  however	  human	   tropoelastin	   does	   not	   contain	   domains	   34	   and	   35	   that	   are	   required	   in	   bovine	  tropoelastin	   for	   HS	   dependent	   cell	   binding.	   Therefore	   our	   lack	   of	   HS	   dependent	   cell	  attachment	  is	  entirely	  consistent	  with	  the	  assertion	  that	  bovine	  tropoelastin	  but	  not	  human	  tropoelastin	  contains	  a	  HS	  binding	  site	  at	  the	  C-­‐terminus	  (168).	  	  	  Integrins	   are	   dominant	   mediators	   of	   cellular	   interactions	   with	   ECM	   components	   (140).	  They	  exist	  in	  multiple	  conformations	  and	  it	  is	  these	  conformations	  that	  result	  in	  switching	  of	  integrin	  activity.	  This	  activity	  can	  be	  modulated	  in	  vitro	  by	  exogenous	  divalent	  cations	  or	  function	   blocking	   mAbs	   as	   probes	   for	   integrin	   mediated	   interactions	   (158,186).	   EDTA	  inclusion	   suggested	   that	   cell	   binding	   to	   the	   17-­‐18	   binding	   site	   on	   tropoelastin	   may	   be	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integrin	   mediated.	   This	   was	   supported	   by	   the	   divalent	   cation	   dependency	   of	   cell	  interactions	   which	   controls	   for	   non-­‐specific	   EDTA	   effects.	   The	   cation	   dependency	  requirement	   exhibited	   on	   WT,	   ΔRKRK	   and	   N18	   where	   Mn2+	   stimulated	   maximal	   cell	  binding,	  Mg2+	  intermediate	  cell	  binding	  and	  Ca2+	  low	  cell	  binding	  is	  indicative	  of	  an	  integrin	  mediated	  cell	  binding	  interaction	  (168).	  	  	  Monoclonal	   antibody	   inhibition	   studies	   identified	   αV	   containing	   integrin	   involvement	   in	  fibroblast	  binding	  to	   the	  17-­‐18	  cell	  binding	  region	  of	   tropoelastin.	   Integrin	  αvβ3	  has	  been	  shown	  to	  mediate	  the	  interaction	  between	  fibroblasts	  and	  the	  C-­‐terminus	  of	  tropoelastin	  so	  the	   possibility	   of	   other	   integrin-­‐tropoelastin	   interactions	   was	   explored.	   The	   inclusion	   of	  PIF6	   (anti-­‐αvβ5)	   significantly	   inhibited	   cell	   attachment	   to	   N18	   and	   17-­‐27	   tropoelastin	  constructs.	   The	   lack	   of	   inhibition	   observed	   for	   WT	   and	   ΔRKRK	   could	   be	   due	   to	   other	  mechanisms	  which	  potentially	   compensate	   for	  αvβ5	   blockade.	  To	   investigate	   this	   further,	  P1F6	  was	   included	   in	   cell	   spreading	  assays	   showing	  partial	   inhibition	  of	  WT	  and	  ΔRKRK	  dependent	   cell	   spreading.	   Inhibition	   of	   cell	   spreading	   to	   17-­‐18	   containing	   constructs	  identifies	  that	  integrin	  αvβ5	  is	  involved	  in	  mediating	  fibroblast	  interaction	  with	  this	  new	  cell	  binding	   site.	   The	   utilization	   of	   this	   integrin	   for	   cell-­‐tropoelastin	   interaction	   is	   consistent	  with	  integrin	  αVβ5	  expression	  on	  fibroblasts	  (161,187)	  where	  it	  plays	  a	  role	  in	  cell	  adhesion	  to	  the	  ECM	  proteins	  including	  vitronectin	  and	  FN	  (159,187,188).	  Furthermore,	  this	  binding	  region	   overlaps	   with	   a	   part	   of	   the	   molecule	   that	   is	   implicated	   in	   tropoelastin	   self-­‐association	  and	  elastic	  fiber	  formation	  (189).	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Through	  this	  work,	  we	  have	  determined	   that	   integrin	  αVβ5	  can	   interact	  with	   tropoelastin	  through	  domains	  17-­‐18	  in	  addition	  to	  the	  previously	  published	  interaction	  of	  integrin	  αVβ3	  with	  the	  C-­‐terminal	  RKRK	  motif.	  This	  does	  not	  exclude	  the	  possibility	  that	  other	  integrins	  may	  be	  involved	  in	  mediating	  cell	  adhesion	  to	  this	  region.	  	  	  Integrins,	   including	  αV	   containing	   integrins,	   are	   involved	   in	   cell	   adhesion,	  migration	   and	  invasion	  of	  the	  tumor	  cells,	  and	  play	  an	  important	  role	  in	  neoangiogenesis	  and	  tumor	  cell	  proliferation.	   Abnormal	   expression	   of	   integrin	   αVβ5	   has	   been	   implicated	   in	   the	  pathogenesis	  of	  various	  diseases.	  More	  specifically,	  fibroblasts	  in	  the	  autoimmune	  disease	  scleroderma	  have	  increased	  expression	  levels	  of	  integrin	  αvβ5	  (161).	  Additionally	  integrin	  αvβ5	   promotes	   angiogenesis	   via	   a	   pathway	   that	   is	   distinct	   from	   integrin	   αvβ3-­‐dependent	  angiogenesis.	   Integrin	   αvβ5	   is	   also	   essential	   for	   the	   differentiation	   of	   endothelial	  progenitors	  to	  differentiated	  endothelial	  cells	  (190,191).	  Therefore	  further	  investigation	  of	  integrin	   αvβ5-­‐tropoelastin	   interactions	   could	   lead	   us	   to	   a	   better	   understanding	   of	   these	  disease	   and	   physiological	   states.	   In	   summary	   this	   study	   investigated	   the	   potential	   for	  additional	   RKRK	   independent	   cell-­‐binding	   sites	   in	   human	   tropoelastin.	   We	   found	   that	  although	  RKRK	  is	  required	  for	  the	  full	  cell-­‐interactive	  properties	  of	  human	  tropoelastin	  it	  is	  not	   the	   sole	   cell-­‐binding	   region.	   Instead	   we	   found	   that	   cells	   could	   adhere	   to	   a	   central	  section	  of	  tropoelastin	  encompassing	  domains	  17-­‐18	  via	  integrin	  αVβ5	  on	  the	  cell	  (Fig.2.16).	  Using	  this	  understanding	  of	  the	  cell	  adhesive	  activity	  of	  tropoelastin	  gives	  improved	  insight	  into	  the	  physiological	  and	  pathological	  cell	  responses	  to	  this	  protein.	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Figure	  2.16.	  Schematic	  of	  the	  integrin	  binding	  sites	  on	  human	  tropoelastin.	  The	  white	  
regions	  indicate	  the	  hydrophilic	  domains	  and	  the	  black	  segments	  indicate	  the	  
hydrophobic	  domains.	  The	  gray	  region	  on	  the	  end	  of	  WT	  represents	  the	  sequence	  
RKRK.	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Chapter	  3:	  A	  cell-­‐adhesive	  peptide	  from	  
tropoelastin	  promotes	  sequential	  cell	  
attachment	  and	  spreading	  via	  distinct	  
receptors	  	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  This	  chapter	  appears	  as	  the	  following	  published	  paper	  in	  The	  FEBS	  Journal:	  	  
Lee,	  P.,	  Yeo,	  G.	  C.,	  and	  Weiss,	  A.	  S.	  (2017)	  A	  cell	  adhesive	  peptide	  from	  tropoelastin	  promotes	  sequential	  cell	  attachment	  and	  spreading	  via	  distinct	  receptors.	  The	  FEBS	  Journal	  
284,	  2216-­‐2230	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3.1	  Introduction	  
	  Elastic	  fibers	  are	  a	  key	  structural	  component	  of	  the	  extracellular	  matrix	  (ECM),	  where	  they	  confer	   elasticity	   on	   all	   vertebrate	   elastic	   tissues,	   including	   arteries,	   lung,	   skin,	   vocal	   fold,	  and	   elastic	   cartilage,	  which	   are	   subjected	   to	   repetitive	   extensile	   forces	   (192,193).	   Elastic	  fibers	  predominantly	  comprise	  elastin	  which	  is	  intermingled	  with	  fibrillin-­‐rich	  microfibrils	  (192).	   In	   addition	   to	   its	   role	   in	   elasticity,	   elastin	   influences	   the	   chemotaxis,	   attachment,	  spreading,	   proliferation	   and	   differentiation	   of	   a	   range	   of	   cell	   types	   such	   as	   fibroblasts,	  smooth	   muscle	   cells,	   and	   endothelial	   cells	   (110).	   Tropoelastin,	   the	   monomer	   form	   of	  elastin,	  is	  known	  to	  mediate	  these	  cellular	  processes,	  either	  via	  interactions	  with	  other	  ECM	  proteins	  such	  as	  fibulin-­‐5	  (194),	  or	  through	  direct	  interactions	  with	  cell	  receptors	  including	  the	   elastin	   binding	  protein	   (EBP)	   (195),	   glycosaminoglycans	   (GAGs)	   (126),	   and	   integrins	  (168).	  
	  Cell	  receptor	  interactions	  with	  the	  ECM	  are	  crucial	  for	  cell	  survival	  and	  tissue	  maintenance	  (196).	  EBP	  is	  a	  multifunctional	  peripheral	  membrane	  protein	  involved	  in	  the	  transport	  and	  cell-­‐signalling	   interactions	   of	   tropoelastin	   and	   is	   proposed	   to	   play	   a	   crucial	   role	   in	  preventing	  intracellular	  aggregation	  and	  proteolysis	  of	  tropoelastin	  (125).	  It	  is	  also	  capable	  of	   recognizing	   short	   hydrophobic	   sequences,	   primarily	   VGVAPG,	   which	   is	   a	   recurring	  sequence	   in	   tropoelastin	   (195).	  This	  peptide	  has	  been	  shown	   to	  promote	   the	  chemotaxis	  and	   proliferation	   of	   fibroblasts	   and	   monocytes,	   as	   well	   as	   angiogenesis	   and	   protease	  release	   (10,130,197).	   EBP	   can	   also	   bind	   other	   elastin	   sequences	   which	   conform	   to	   the	  XGXXPG	  motif,	   such	   as	   PGIVPG	   (133).	   Despite	   its	   role	   in	   cell-­‐signalling	   interactions	  with	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tropoelastin,	  EBP	  has	  been	  shown	  to	  be	  not	  responsible	  for	  cell	  adhesion,	  but	  rather	  acts	  a	  signal	  of	  elastin	  damage	  (11,198).	  	  
	  GAGs	   are	   linear,	   negatively	   charged,	   acidic	   polysaccharides	   that	   are	   linked	   to	  proteoglycans,	   including	  receptors	  of	   the	  syndecan	   family,	   that	  reside	  on	  cell	  membranes	  (137).	  The	  mainly	  negative	   charges	  associated	  with	  GAGs	   facilitate	   their	   interaction	  with	  many	  ECM	  proteins	  and	  other	  cell	  receptors	  for	  cell-­‐cell	  signaling	  and	  cell-­‐matrix	  adhesion	  interactions	   (138).	   As	   they	   are	   negatively	   charged,	   GAGs	   can	   interact	   with	   positively	  charged	  amino	  acids	  such	  as	  lysines	  in	  a	  number	  of	  molecules	  including	  tropoelastin	  (199-­‐203).	  Previous	  studies	  have	  proposed	  that	  cell-­‐elastin	  adhesion	   involves	  cell	   surface	  GAG	  interactions	  with	  the	  C-­‐terminal	  region	  of	  bovine	  tropoelastin	  (177).	  In	  contrast,	  the	  use	  of	  a	   GAG-­‐competitive	   inhibitor	   such	   as	   heparan	   sulfate	   (HS)	   was	   not	   seen	   to	   inhibit	   cell	  binding	  to	  full	  length	  human	  tropoelastin,	  suggesting	  the	  additional	  involvement	  of	  another	  receptor(s)	  in	  mediating	  cell	  interactions	  (168).	  	  	  	  Integrins	  influence	  cellular	  morphology,	  and	  facilitate	  processes	  such	  as	  cell	  migration	  and	  proliferation,	  wound	  repair,	  tissue	  organization,	  development,	  and	  host	  immune	  responses	  (204-­‐206).	  Integrins	  also	  participate	  in	  the	  pathogenesis	  of	  a	  wide	  range	  of	  diseases	  such	  as	  arthritis,	   cardiovascular	   disease,	   inflammation,	   microbial	   and	   parasitic	   infection,	   cancer	  and	  glaucoma	  (207-­‐210).	  Integrins	  are	  heterodimeric	  transmembrane	  receptors	  containing	  one	  α	  subunit	  and	  one	  β	  subunit	  (205).	  In	  humans,	  18	  different	  α	  subunits	  and	  8	  different	  β	  subunits	   can	   dimerize	   to	   form	   a	  wide	   range	   of	   receptor	   combinations	   targeted	   towards	  specific	  ECM	  ligands.	  	  
	   	   	   76	  
A	  primary	  goal	   in	   the	  matrix	  biology	   field	  has	  been	   to	   reduce	  macromolecular	   ligands	   to	  minimal	   recognition	   sequences.	   The	   RGD	   sequence	   is	   perhaps	   the	   most	   recognized	  example	  of	  this	  in	  the	  integrin	  field.	  RGD	  was	  originally	  derived	  from	  fibronectin	  (154,155)	  and	   has	   since	   been	   found	   in	   other	   ECM,	   blood,	   and	   cell	   surface	   proteins	   (211).	   It	   was	  previously	   thought	   that	   integrins	   recognize	   only	   the	   RGD	   motif;	   however,	   it	   is	   now	  accepted	  that	  non-­‐RGD	  motifs	  such	  as	  the	  GROGER	  and	  GFOGER	  sequences,	  derived	  from	  the	  major	  collagens	  (156,157),	  can	  also	  function	  as	   integrin	   ligands.	  Short	  sequences	  that	  bind	  GAG-­‐containing	  syndecans	  have	  also	  been	  investigated,	  such	  as	  the	  positively	  charged	  RKRLQVQLSIRT	  sequence	  derived	  from	  the	  ECM	  molecule	  laminin	  (212).	  	  Fibronectin,	   collagen	  and	  other	  well	   researched	  molecules	  have	  been	   largely	  mapped	   for	  cell	  adhesion	  sites;	  however,	  there	  has	  not	  been	  a	  lot	  of	  studies	  on	  tropoelastin	  (213).	  Cell	  attachment	   to	   tropoelastin	   is	   critical	   to	   elastic	   fiber	   assembly,	   as	   cells	   are	   important	   for	  organizing	   fibers	   into	   tissue-­‐specific	   three-­‐dimensional	   architectures	   (69,214).	   Cell	  spreading	   follows	   cell	   attachment,	   and	   involves	   the	   rapid	   rearrangement	   of	   actin	   stress	  fibers	   usually	   through	   integrins	   (215,216).	   These	   cellular	   processes	   are	   essential	   for	   cell	  growth,	   migration,	   and	   invasion	   (217,218).	   Downstream	   signaling	   effects	   triggered	   by	  cellular	   interactions	  with	   tropoelastin	  also	  contribute	   to	   the	  wound	  healing	  process	  (11).	  Additionally,	  understanding	  the	  cell-­‐adhesive	  properties	  of	  tropoelastin	  and	  identifying	  the	  specific	   regions	   underlying	   this	   functionality	   are	   important	   for	   biomaterial	   design.	   For	  example,	   early	   domains	   of	   tropoelastin	   have	   been	   used	   to	   enhance	   the	   vascular	  compatibility	   of	   surfaces	   (219).	   The	   region	   containing	   domains	   17-­‐18	   in	   tropoelastin	   is	  recognized	  as	  significant	  to	  cell	  attachment	  and	  spreading	  (220).	  In	  this	  current	  study,	  we	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dissect	  this	  region	  and	  identify	  a	  cell	  binding	  sequence	  in	  this	  central	  region	  of	  tropoelastin.	  We	   also	   identify	   the	   specific	   amino	   acid	   residues	   and	   receptors	   involved	   in	   fibroblast	  binding	  and	  spreading.	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3.2	  Materials	  
	  Recombinant	  human	  tropoelastin	  was	  produced	  in-­‐house	  (24).	  Human	  dermal	  fibroblasts	  were	   sourced	   from	   the	   Coriell	   Research	   Institute	   (Camden,	   NJ).	   Anti-­‐human	   integrin	  antibodies	  17E6	  (anti-­‐αv),	  PIF6	  (anti-­‐αvβ5),	  VNR1	  (anti-­‐αvβ3),	  and	  the	  antibody	  against	  the	  integrin	   β8	   were	   obtained	   from	   Abcam	   (Cambridge,	   UK).	   Peptide	   302-­‐322	  (AAAAAAAAAAKAAKYGAAAGL),	  Peptide	  302-­‐322	   (Y-­‐>A)	   (AAAAAAAAAAKAAKAGAAAGL),	  Peptide	   302-­‐322	   (K1-­‐>A)	   (AAAAAAAAAAKAAAYGAAAGL),	   Peptide	   302-­‐322	   (K2-­‐>A)	  (AAAAAAAAAAAAAKAGAAAGL)	  and	  the	  Negative	  Control	  Peptide	  (AKGLRCKGKARC)	  were	  synthesized	  by	  Auspep	  (Tullamarine,	  VIC,	  Australia).	  The	  peptides	  were	  initially	  dissolved	  in	   dimethyl	   sulfoxide	   (10%	   v/v)	   followed	   by	   Milli-­‐Q	   water	   (Sartorius,	   Goettingen,	  Germany).	   All	   other	   reagents	   were	   from	   Sigma-­‐Aldrich	   (St.	   Louis,	   MO,	   USA)	   unless	  otherwise	  indicated.	  	  
3.3	  Methods	  
3.3.1	  Tropoelastin	  Construct	  Expression	  
Tropoelastin	  constructs	  encoding	  the	  N	  terminus	  to	  domain	  18	  (N18;	  aa	  27–365),	  domains	  17–27	   (17–27;	   aa	   297	   –595)	   and	   constructs	   that	   contain	   carefully	   dissected	   sections	   of	  domain	  18,	  aa	  27-­‐346,	  aa	  27-­‐330,	  aa	  27-­‐322	  were	  cloned	   in-­‐house	   into	  the	  pET3d	  vector	  from	  the	  WT	  full-­‐length	   tropoelastin	  sequence	  corresponding	   to	  amino	  acid	  residues	  27–724,	   Database	   ID:	   AAC98394	   (gi	   182020).	   The	   constructs	   were	   transformed	   into	  
Escherichia	   coli	  BL21(DE3)	   cells	   and	   overexpressed	   as	   described	   (18).	   The	   protein	   was	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isolated	   as	   previously	   described	   (18)	   and	   then	   further	   purified	   by	   reversed	   phase	   high	  performance	   liquid	   chromatography	   using	   an	   Agilent	   Technologies	   ZORBAX	   StableBond	  300SB-­‐C18	  5	   μm	   column	   (Santa	   Clara,	   CA,	  USA).	   A	   gradient	   of	   0	   –100%	  acetonitrile	   and	  0.1%	   trifluoroacetic	   acid	   over	   1	   h	   was	   used	   to	   elute	   protein	   fractions.	   The	   purified	  tropoelastin	  constructs	  were	  dissolved	  in	  phosphate	  buffered	  saline	  (PBS)	  for	  subsequent	  studies.	   Sodium	   dodecyl	   sulfate	   polyacrylamide	   gel	   electrophoresis	   confirmed	   single	  discrete	  species	  corresponding	  to	  predicted	  molecular	  masses.	  	  	  	  	  	  	  	  	  
3.3.2	  Cell	  Culture	  
GM3348	  human	  dermal	   fibroblasts	  were	  cultured	   in	  Dulbecco’s	  modified	  eagle’s	  medium	  supplemented	  with	  10%	  (v/v)	  fetal	  bovine	  serum	  and	  passaged	  1:3	  every	  3	  –	  4	  days.	  	  
3.3.3	  Cell	  Attachment	  and	  Spreading	  
Cell	  attachment	  and	  spreading	  analyses	  were	  performed	  as	  described	  (168).	  For	  both	  the	  attachment	   and	   spreading	   assays,	   cell	   suspensions	  were	   added	   onto	   tropoelastin-­‐coated	  and	  denatured	  bovine	  serum	  albumin	  (BSA)-­‐blocked	  wells	  and	  were	  incubated	  for	  1	  h	  at	  37	  °C.	  For	  attachment	  analyses,	  the	  wells	  were	  washed	  three	  times	  with	  PBS	  to	  remove	  loosely	  adherent	   cells	   before	   fixing	   the	   adherent	   cells	   in	   3%	   (v/v)	   formaldehyde.	  Adherent	   cells	  were	  stained	  with	  0.1%	  (w/v)	  crystal	  violet	  in	  0.2	  M	  2-­‐ethanesulfonic	  acid	  (MES)	  (pH	  5.0)	  for	  1	  h.	  For	  cell	  spreading,	  cells	  were	  not	  aspirated	  and	  were	  instead	  fixed	  directly	  to	  the	  culture	  wells	  with	  3%	  (v/v)	  formaldehyde.	  A	  cell	  suspension	  of	  2.5	  x	  105	  cells/ml	  was	  used	  for	   all	   attachment	   analyses,	   and	   a	   cell	   suspension	   of	   1	   x	   105	   cells/ml	   was	   used	   for	   all	  spreading	   analyses.	   For	   cell	   spreading	   assays,	   cells	   were	   visualized	   by	   phase-­‐contrast	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microscopy	   with	   a	   Zeiss	   Axiovert.A1	   microscope	   at	   10x	   magnification	   (Carl	   Zeiss	   AG,	  Oberkochen,	   Germany),	   and	   images	  were	   taken	   on	   an	   AxioCam	   IC	   1	  microscope	   camera	  (Carl	  Zeiss	  AG,	  Oberkochen,	  Germany)	  for	  cell	  spreading	  quantification.	  The	  degree	  of	  cell	  spreading	   was	   measured	   using	   a	   yes/no	   threshold	   methodology.	   Cells	   with	   a	   flattened	  phase-­‐dark	   body	   and	   visible	   nucleus	   were	   considered	   spread,	   whereas	   cells	   that	   were	  rounded	  and	  phase-­‐bright	  were	  considered	  unspread.	  
3.3.4	  Inhibition	  studies	  
Inhibition	  studies	  were	  conducted	  following	  cell	  attachment	  or	  spreading	  assay	  protocols	  as	   described	   above.	   As	   an	   inhibitor,	   Peptide	   302-­‐322,	   Peptide	   302-­‐322	   (YàA),	   Peptide	  302-­‐322	  (K1àA)	  or	  Peptide	  302-­‐322	  (K2àA)	  was	  added	  to	  cells	  at	  a	  concentration	  of	  60	  µM.	  EDTA	  and	  HS	  were	  added	  at	  5	  mΜ	  and	  20	  μg/ml	  respectively.	  The	  molecular	  weight	  of	  the	   HS	  was	   10-­‐70	   kDa	   and	   the	   sulfate	   per	   hexosamine	  was	   0.8-­‐1.8.	   Antibodies	   (Abcam)	  17E6,	  P1F6,	  VNR1	  and	  the	  antibody	  against	  β8	  were	  added	  to	  cells	  at	  10	  μg/ml,	  and	  P1F6	  at	  1	  in	  500	  dilution.	  
3.3.5	  Statistical	  analyses	  
Experiments	  were	   carried	  out	   in	   triplicate	  or	  quadruplicate	  as	   indicated	  and	   reported	  as	  mean	   ±	   standard	   deviation	   of	   mean	   (SD).	   One-­‐way	   or	   two-­‐way	   analysis	   of	   variance	  (ANOVA)	  applied	  with	  Bonferroni’s	  post-­‐tests	  was	  used.	  Data	  was	  accepted	  as	  statistically	  significant	  at	  p<0.05	  (*	  =	  p<0.05,	  **	  =	  p<0.01,	  ***	  =	  p<0.001	  and	  ****	  =	  p<0.0001).	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3.4	  Results	  
3.4.1	   Recombinant	   human	   tropoelastin	   constructs	   with	   truncations	   in	  
the	  domain	  18	  region	  support	  human	  dermal	  fibroblast	  attachment	  
	  Using	  truncated	  tropoelastin	  constructs,	  we	  previously	  narrowed	  down	  a	  cell	  binding	  site	  in	   tropoelastin	   to	   the	   central	   region	   containing	   domains	   17	   and	   18	   (Fig.1A)	   (220).	   To	  continue	  studies	  on	  these	  specific	  domains,	  we	  utilized	  truncated	  versions	  of	  recombinant	  human	  tropoelastin	  which	  dissect	  the	  domain	  17-­‐18	  region:	  N18	  (aa	  27-­‐365),	  aa	  27-­‐346,	  aa	  27-­‐330,	   aa	   27-­‐322	   (Fig.	   3.1).	   These	   tropoelastin	   constructs	   showed	   dose-­‐dependent	  adhesion	  to	  fibroblasts	  (Fig.	  3.2).	  At	  maximal	  200	  nM	  coating	  concentrations,	  there	  were	  no	  significant	  differences	  in	  cell	  adhesion	  between	  N18	  (68.1	  ±	  7.3%)	  and	  aa	  27-­‐346	  (61.8	  ±	  1.2%),	  between	  aa	  27-­‐346	  (57.1	  ±	  2.9%)	  and	  aa	  27-­‐330	  (53.6	  ±	  2.9%),	  and	  between	  aa	  27-­‐330	  (53.6	  ±	  2.9%)	  and	  aa	  27-­‐322	  (54	  ±	  1.1%)	  (Fig.	  3.2).	  N18	  and	  aa	  27-­‐322	  at	  the	  maximal	  coating	  concentration	  also	  showed	  equivalent	  cell	  binding	  (82.5	   	  ±	  5.4%	  and	  77.3	  ±	  2.3%	  respectively)	  properties	  (Fig.	  3.2),	  indicating	  that	  a	  cell-­‐adhesive	  sequence	  lies	  fully	  within	  domain	  17	  and	  the	  first	  6	  residues	  of	  domain	  18.	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Figure	  3.1.	  Schematic	  representation	  of	  tropoelastin	  constructs	  aa	  27-­‐346,	  aa	  27-­‐330	  
and	  aa	  27-­‐322	  in	  relation	  to	  N18	  and	  17-­‐27.	  The	  white	  and	  black	  boxes	  represent	  
exon-­‐encoded	  domains	  where	  the	  white	  regions	  indicate	  the	  hydrophilic	  domains,	  
while	  the	  black	  regions	  indicate	  the	  hydrophobic	  domains.	  	  The	  sequences	  of	  
domains	  17	  and	  18	  of	  tropoelastin	  are	  shown.	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Figure	  3.2.	  Cell	  attachment	  to	  tropoelastin	  constructs	  that	  contain	  carefully	  dissected	  
sections	  of	  domain	  18.	  Cell	  adhesion	  to	  increasing	  molar	  concentrations	  of	  
tropoelastin	  constructs.	  Cells	  were	  seeded	  at	  2.5	  ×	  105	  cells/ml	  for	  1	  h.	  Error	  bars	  
represent	  SD	  where	  n=3	  and	  no	  data	  points	  were	  omitted.	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3.4.2	  Peptide	  302-­‐322,	  a	  sequence	  corresponding	  to	  the	  central	  domain	  
of	  tropoelastin,	  supports	  fibroblast	  adhesion	  and	  spreading	  
	  The	  tropoelastin	  construct	  aa	  27-­‐322,	  which	  lacks	  the	  majority	  of	  domain	  18,	  was	  still	  able	  to	   support	   cell	   attachment.	  Peptide	  302-­‐322	  was	  synthesized	   to	   span	  part	  of	   the	  domain	  17-­‐18	   region	   of	   aa	   27-­‐322	   (AAAAAAAAAAKAAKYGAAAGL)	   (Fig.	   3.3).	   This	   region	   is	  distinctive	  because	   it	   contains	   the	   longest	   alanine	   and	   lysine	   stretch	   in	   tropoelastin.	   The	  sequence	  of	  Peptide	  302-­‐322	  starts	  at	  the	  beginning	  of	  this	  alanine	  stretch.	  To	  control	  for	  non-­‐specific	  positive	  charge	  effects,	  we	  used	  a	  peptide	  containing	  the	  scrambled	  domain	  36	  sequence	   of	   tropoelastin	   (AKGLRCKGKARC),	   named	   Negative	   Peptide	   Control	   (Fig.	   3.3).	  Domain	   36	   has	   previously	   been	   showed	   to	   adhere	   to	   cells	   (168),	   but	   this	   interaction	   is	  sequence	  dependent,	  and	  as	  such,	  the	  scrambled	  version	  does	  not	  bind	  to	  cells	  (Fig.	  3.4).	  	  Peptide	  302-­‐322	  coated	  wells	  showed	  dose-­‐dependent	  adhesion	  to	  fibroblasts	  (Fig.	  3.4A).	  At	   a	   maximal	   coating	   concentration	   of	   200	   μM,	   Peptide	   302-­‐322	   exhibited	   cell	   binding	  (49.5	  ±	  7.3%)	  indistinguishable	  to	  the	  positive	  control	  N18	  at	  its	  maximal	  concentration	  of	  200	  nM	  (59	  ±	  9.9%),	  whereas	  the	  Negative	  Control	  Peptide	  did	  not	  adhere	  to	  cells	  (2.4	  ±	  0.8%).	   N18	   served	   as	   the	   positive	   control	   as	   Figure	   3.2	   showed	   it	  was	   indistinguishable	  from	   the	   constructs	   aa	   27-­‐346,	   aa	   27-­‐330	   and	   aa	   27-­‐322	   at	   the	   maximal	   coating	  concentration	   (200	   nM).	   These	   results	   support	   the	   presence	   of	   a	   site	   within	   the	  overlapping	  region	  in	  tropoelastin	  constructs	  aa	  27-­‐322	  and	  17-­‐27	  that	  is	  responsible	  for	  fibroblast	  adhesion.	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Phase-­‐contrast	  microscopy	  was	  used	  to	  visualize	  the	  spreading	  of	  fibroblasts	  after	  60	  min	  on	   Peptide	   302-­‐322	   in	   comparison	   to	   N18	   (Fig.	   3.4B).	   Peptide	   302-­‐322	   supported	   cell	  spreading	   (58.6	   ±	   10.8%)	   at	   levels	   not	   significantly	   different	   to	   N18	   (71.5	   ±	   9.5%).	  Representative	   images	   (Fig.	   3.4C)	   showed	   that	   the	  majority	   of	   cells	   on	  N18	   and	   Peptide	  302-­‐322	  were	  phase-­‐dark,	  had	  cellular	  projections	  and	  displayed	  a	   flattened	  morphology	  consistent	  with	  spread	  fibroblasts.	  	  	  	  
	  	  
Figure	   3.3.	   Schematic	   representation	   Peptide	   302-­‐322	   and	   the	   Negative	   Peptide	  
Control	  in	  relation	  to	  full	  length	  tropoelastin.	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Figure	  3.4.	  Cell	  attachment	  and	  spreading	  on	  Peptide	  302-­‐322.	  A)	  Cell	  adhesion	  to	  
increasing	  molar	  concentrations	  of	  Peptide	  302-­‐322.	  Cells	  were	  seeded	  at	  2.5	  ×	  105	  
cells/ml	  for	  1	  h.	  Error	  bars	  represent	  SD	  where	  n=3	  and	  no	  data	  points	  were	  omitted.	  
B)	  Cell	  spreading	  on	  Peptide	  302-­‐322	  at	  200	  μM.	  Cells	  were	  seeded	  at	  1	  x	  105	  
cells/ml	  for	  1	  h.	  C)	  Representative	  images	  of	  cell	  spreading.	  Error	  bars	  represent	  SD	  
where	  n=4	  and	  no	  data	  points	  were	  omitted.	  Some	  of	  the	  data	  points	  lack	  visible	  
error	  bars	  due	  to	  very	  low	  error	  values.	  Scale	  bar:	  200	  μm.	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We	   tested	   the	   inhibitory	   effect	   of	   this	   peptide	   on	   cell	   spreading	   onto	   tropoelastin	  constructs	   N18	   and	   17-­‐27	   (Fig.	   3.5	   and	   3.6	   respectively).	   Peptide	   302-­‐322	   at	   60	   μM	  significantly	  inhibited	  cell	  spreading	  on	  both	  N18	  (19.1	  ±	  9.4%)	  with	  a	  p-­‐value	  of	  p<0.0001	  (Fig.	  3.5)	  and	  17-­‐27	  (0.6	  ±	  1.1%)	  with	  a	  p-­‐value	  of	  p<0.001	  (Fig.	  3.6),	  in	  contrast	  to	  the	  no-­‐peptide	  control	  (72.7	  ±	  6.5%	  and	  39	  ±	  5.6%)	  and	  the	  Negative	  Control	  Peptide	  (72.7	  ±	  9.3%	  and	  26	  ±	  8.3%).	  	  	  On	  this	  basis,	   the	  sequence	  that	  corresponds	  to	  a	  portion	  of	  tropoelastin	  domains	  17	  and	  18	  is	  sufficient	  to	  promote	  cell	  attachment	  and	  spreading	  at	  a	  comparable	  extent	  to	  the	  N18	  tropoelastin	  construct.	  Although	  Peptide	  302-­‐322	   is	  shown	  to	  be	  a	  dominant	  cell-­‐binding	  region	  in	  tropoelastin,	  we	  do	  not	  discount	  the	  possibility	  of	  other	  binding	  sites	  within	  the	  constructs	  N18	  and	  17-­‐27.	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Figure	  3.5.	  Inhibition	  of	  cell	  spreading	  on	  tropoelastin	  construct	  N18	  in	  the	  presence	  
of	  Peptide	  302-­‐322	  or	  Negative	  Control	  Peptide.	  Cells	  were	  seeded	  at	  1	  x	  105	  cells/ml	  
for	  1	  h	  on	  N18.	  Peptide	  302-­‐322	  significantly	  decreased	  cell	  spreading	  to	  
tropoelastin	  constructs,	  while	  the	  Negative	  Control	  Peptide	  did	  not	  affect	  
tropoelastin-­‐cell	  interactions.	  Representative	  images	  of	  cell	  spreading	  are	  included.	  
Error	  bars	  represent	  SD	  where	  n=4.	  Scale	  bar:	  200	  μm.	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Figure	  3.6.	  Inhibition	  of	  cell	  spreading	  on	  tropoelastin	  construct	  17-­‐27	  in	  the	  
presence	  of	  Peptide	  302-­‐322	  or	  Negative	  Control	  Peptide.	  Cells	  were	  seeded	  at	  1	  x	  
105	  cells/ml	  for	  1	  h	  on	  17-­‐27.	  Peptide	  302-­‐322	  significantly	  decreased	  cell	  spreading	  
to	  tropoelastin	  constructs,	  while	  the	  Negative	  Control	  Peptide	  did	  not	  affect	  
tropoelastin-­‐cell	  interactions.	  Representative	  images	  of	  cell	  spreading	  are	  included.	  
Error	  bars	  represent	  SD	  where	  n=4.	  Scale	  bar:	  200	  μm.	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3.4.3	  Lysines	  are	  crucial	  for	  tropoelastin-­‐fibroblast	  interactions	  
	  To	   identify	   amino	   acids	   in	  Peptide	  302-­‐322	   responsible	   for	   integrin	   interactions,	  mutant	  peptides	  were	  constructed	   in	  which	   the	   tyrosine	  or	  either	   lysine	   in	  Peptide	  302-­‐322	  was	  replaced	  with	  an	  alanine	  (Peptide	  302-­‐322	  	  (Y-­‐>A):	  AAAAAAAAAAKAAKAGAAAGL;	  Peptide	  302-­‐322	   (K1-­‐>A),	   AAAAAAAAAAKAAAYGAAAGL;	   and	   Peptide	   302-­‐322	   (K2-­‐>A):	  AAAAAAAAAAAAAKYGAAAGL)	  (Fig.	  3.7).	  	  Peptide	  302-­‐322	   (Y-­‐>A)	   showed	  dose-­‐dependent	   adhesion	   to	   fibroblasts	   (Fig.	   3.8A).	  At	   a	  maximal	  coating	  concentration	  of	  200	  μM,	   fibroblast	  adhesion	  to	  Peptide	  302-­‐322	  (Y-­‐>A)	  (41.8	   ±	   1.1%)	   was	   equivalent	   to	   Peptide	   302-­‐322	   (36.2	   ±	   4.6%),	   revealing	   that	   at	   this	  concentration	  the	  tyrosine	  does	  not	  play	  a	  major	  role	   in	  cell	  attachment.	  However,	  at	   the	  lower	   concentrations	   of	   25-­‐50	   μM,	   Peptide	   302-­‐322	   	   (Y-­‐>A)	   showed	   enhanced	   cell	  attachment	  over	  Peptide	  302-­‐322,	  suggesting	  that	  the	  tyrosine	  may	  play	  a	  down-­‐regulatory	  role	  in	  this	  interaction.	  	  In	  contrast,	  Peptide	  302-­‐322	  (K1-­‐>A)	  and	  Peptide	  302-­‐322	  (K2-­‐>A),	   in	  which	  each	   lysine	  was	  substituted	  with	  an	  alanine,	  substantially	  reduced	  cell	  binding	  by	  71.9	  ±	  5.9%	  and	  66.9	  ±	  7.3%,	  respectively	  (Fig.	  3.8B).	  This	  marked	  difference	   indicated	  the	  critical	  role	  of	  both	  lysines	   in	   adhering	   to	   cells.	   Because	   a	   substantial	   knock	   down	   to	   baseline	   levels	   of	   cell	  adhesion	  was	  seen	  with	  one	  lysine	  substitution,	  there	  was	  no	  need	  to	  further	  explore	  the	  substitution	  of	  both	  lysines.	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Figure	  3.7.	  Sequence	  of	  Peptide	  302-­‐322	  and	  its	  associated	  mutant	  constructs.	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Figure	  3.8.	  Cell	  attachment	  on	  wild-­‐type	  and	  mutant	  variants	  of	  Peptide	  302-­‐322.	  Cell	  
adhesion	  to	  the	  Peptide	  302-­‐322	  variants	  at	  increasing	  molar	  concentrations.	  Cells	  
were	  seeded	  at	  2.5	  ×	  105	  cells/ml	  for	  1	  h	  on	  Peptide	  302-­‐322,	  Peptide	  302-­‐322	  (Y-­‐
>A),	  Peptide	  302-­‐322	  (K1-­‐>A)	  and	  Peptide	  302-­‐322	  (K2-­‐>A).	  Error	  bars	  represent	  SD	  
where	  n=3	  and	  no	  data	  points	  were	  omitted.	  Some	  of	  the	  data	  points	  lack	  visible	  
error	  bars	  due	  to	  very	  low	  error	  values.	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Consistent	  with	  their	  relative	  cell	  binding	  capabilities,	  Peptide	  302-­‐322	  (Y-­‐>A)	  supported	  fibroblast	   spreading	   (66.9	   ±	   20.6%)	   similarly	   to	   Peptide	   302-­‐322	   (67.4	   ±	   23.4%),	   while	  Peptide	   302-­‐322	   (K1-­‐>A)	   and	   Peptide	   302-­‐322	   (K2-­‐>A)	   led	   to	   negligible	   levels	   of	   cell	  spreading	  (0.4	  ±	  0.8%	  and	  2	  ±	  1.8%).	  These	  corresponded	  to	  inhibition	  of	  98.9	  ±	  2.3	  %	  and	  97.3	   ±	   2.6	  %	   for	   each	  mutant	   form	   (Fig.	   3.9).	   Representative	   phase	   contrast	  microscopy	  images	  showed	  that	  the	  majority	  of	  cells	  on	  Peptide	  302-­‐322	  (K1-­‐>A)	  and	  Peptide	  302-­‐322	  (K2-­‐>A)	  were	  rounded	  and	  phase-­‐bright	  (Fig.	  3.10).	   In	  contrast,	  cells	  on	  Peptide	  302-­‐322	  and	  Peptide	  302-­‐322	  (Y-­‐>A),	  were	  phase-­‐dark	  and	  had	  cellular	  projections	  accompanied	  by	  a	  flattened	  cell	  morphology.	  	  	  The	   marked	   functional	   difference	   in	   modified	   forms	   of	   Peptide	   302-­‐322	   with	   lysine	  substitutions	   indicates	  that	  these	  residues	  are	  crucial	   for	  tropoelastin-­‐cell	   interactions.	   In	  contrast,	   the	   tyrosine	   residue	   did	   not	   appear	   to	   have	   a	   direct	   role	   in	   mediating	   this	  interaction	  and	  may	  instead	  have	  a	  regulatory	  role	  in	  this	  process.	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Figure	  3.9.	  Quantification	  of	  cell	  spreading	  on	  Peptide	  302-­‐322	  variants.	  Cells	  were	  
seeded	  at	  1	  x	  105	  cells/ml	  for	  1	  h	  on	  Peptide	  302-­‐322,	  Peptide	  302-­‐322	  (Y-­‐>A),	  
Peptide	  302-­‐322	  (K1-­‐>A)	  and	  Peptide	  302-­‐322	  (K2-­‐>A).	  Error	  bars	  represent	  SD	  
where	  n=4.	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Figure	  3.10.	  Representative	  images	  of	  cell	  spreading	  on	  Peptide	  302-­‐322	  variants.	  
Scale	  bar:	  200	  μm.	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3.4.4	   Peptide	   302-­‐322	   adhesion	   to	   fibroblasts	   is	  mediated	   by	   heparan	  
sulfate	  and	  independent	  of	  integrins	  
	  The	  decrease	  in	  efficacy	  as	  the	  result	  of	  sequential	  lysine	  substitutions	  was	  consistent	  with	  a	  model	  of	   interactions	  with	   cell	   surface	  GAGs.	  Given	   the	  proposed	   involvement	  of	  HS	   in	  other	  studies	  with	  tropoelastin,	  HS	  was	  examined	  as	  a	  competitor	  in	  this	  study	  (126).	  In	  the	  presence	  of	  HS	  (Fig.	  3.11A),	  cell	  binding	  to	  Peptide	  302-­‐322	  was	  substantially	  reduced	  by	  85.9	  ±	  4.2%.	  In	  contrast,	  HS	  did	  not	  affect	  the	  binding	  of	  cells	  to	  tropoelastin	  constructs	  aa	  27-­‐322,	  N18	  and	  17-­‐27	  which	  indicates	  that	  isolating	  the	  Peptide	  302-­‐322	  sequence	  from	  the	  longer	  tropoelastin	  constructs	  exposed	  a	  GAG	  binding	  site.	  	  	  We	  had	  previously	   identified	   that	   integrins	   are	   involved	   in	   tropoelastin-­‐cell	   interactions.	  Here,	  we	   investigated	   the	   involvement	  of	   integrins	   in	   cell	   interactions	  with	  Peptide	  302-­‐322.	  We	  examined	   the	  effect	  of	  EDTA	  on	  cell	  binding	   to	  Peptide	  302-­‐322	  and	  aa	  27-­‐322,	  using	  N18	  and	  17-­‐27	  as	  positive	  controls.	  The	  inclusion	  of	  5	  mM	  EDTA	  did	  not	  diminish	  the	  binding	  of	  fibroblasts	  to	  Peptide	  302-­‐322,	  but	  significantly	  reduced	  cell	  adhesion	  to	  aa	  27-­‐322,	  N18	  and	  17-­‐27	  (Fig.	  3.11B).	  The	  slight	  decrease	  in	  cell	  attachment	  to	  Peptide	  302-­‐322	  may	  be	  due	  to	  the	  length	  of	  exposure	  to	  EDTA	  during	  incubation	  time.	  To	  confirm	  this	  lack	  of	   cation	   dependence,	   concentration	   gradients	   of	   Ca2+,	   Mg2+	   and	   Mn2+	   were	   added	   to	  fibroblasts	   in	  cation-­‐free	  buffer	   (Fig.	  3.12).	  Consistent	  with	   the	  EDTA	   inhibition	  data,	   cell	  attachment	  to	  Peptide	  302-­‐322	  (Fig.	  3.12A)	  did	  not	  show	  characteristic	  cation	  dependency,	  unlike	   that	   to	  N18	   (Fig.	   3.12B).	   In	   this	   case,	  maximal	   cell	   attachment	  was	   restored	  with	  concentrations	   of	   up	   to	   0.4	   mM	   Mn2+,	   followed	   by	   Mg2+,	   which	   also	   stimulated	   cell	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attachment	   but	   to	   lower	   levels,	   and	   Ca2+,	   which	   stimulated	   the	   lowest	   levels	   of	   cell	  attachment.	  This	  cation	  dependency	  has	  been	  used	  to	  identify	  integrin	  involvement	  in	  cell-­‐protein	  interactions	  (221).	  	  	  These	   data	   are	   consistent	   with	   a	   model	   where	   the	   sequence	   in	   the	   central	   region	   of	  tropoelastin	   corresponding	   to	   Peptide	   302-­‐322	   adheres	   to	   cells	   via	   a	   GAG-­‐mediated	  mechanism	  independent	  of	  integrins.	  However,	  since	  this	  contrasts	  with	  the	  mechanism	  of	  cell	   attachment	   to	   the	   longer	   and	   adjacent	   N18	   and	   17-­‐27	   sequences,	   we	   propose	   that	  integrins	  mediate	  cell	  binding	  to	  regions	  outside	  domains	  17-­‐18.	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Figure	  3.11.	  Effects	  of	  inhibitors	  A)	  HS,	  B)	  EDTA	  on	  Peptide	  302-­‐322	  and	  tropoelastin	  
constructs	  aa	  27-­‐322,	  N18,	  17-­‐27.	  Cells	  were	  seeded	  at	  2.5	  x	  105	  cells/ml	  for	  1	  h	  on	  
Peptide	  302-­‐322.	  Error	  bars	  represent	  SD	  where	  n=3.	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Figure	  3.12.	  The	  cation	  dependency	  of	  cell	  attachment	  to	  A)	  Peptide	  302-­‐322	  and	  B)	  
N18.	  Cells	  were	  seeded	  at	  2.5	  x	  105	  cells/ml	  for	  1	  h	  on	  Peptide	  302-­‐322.	  N18	  served	  
as	  a	  positive	  control.	  Error	  bars	  represent	  SD	  where	  n=3.	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3.4.5	   Peptide	   302-­‐322	   interacts	   with	   αv-­‐containing	   integrins	   on	  
fibroblasts	  for	  cell	  spreading	  on	  tropoelastin	  
	  To	  further	  explore	  the	  role	  of	   integrins	   in	  relation	  to	  Peptide	  302-­‐322	  at	  this	  stage,	  a	  cell	  attachment	  study	  incorporating	  anti-­‐integrin	  antibodies	  was	  conducted	  with	  Peptide	  302-­‐322.	   Inclusion	   of	   the	   17E6	   pan	   anti-­‐αv	   integrin	   inhibitory	   antibody,	   the	   P1F6	   anti-­‐αvβ5	  integrin	  antibody,	  the	  VNR1	  anti-­‐αvβ3	  integrin	  antibody,	  and	  the	  negative	  control	  antibody	  against	   integrin	   β8	   did	   not	   significantly	   inhibit	   cell	   attachment	   to	   Peptide	   302-­‐322	   (Fig.	  3.13A).	  We	   also	   investigated	   the	   role	   of	   integrins	   in	   cell	   spreading	   on	   Peptide	   302-­‐322.	  Inclusion	  of	  the	  17E6	  pan	  anti-­‐αv	  integrin	  antibody	  significantly	  inhibited	  cell	  spreading	  on	  Peptide	  302-­‐322	  by	  92.5	  ±	  8.9%	  (Fig.	  3.13B).	  This	  inhibition	  by	  17E6	  can	  be	  explained	  by	  the	   need	   for	   an	  αv-­‐containing	   integrin	   for	   cell	   spreading	   on	  Peptide	   302-­‐322.	  A	   negative	  antibody	  control,	  which	  was	  directed	  against	  the	  integrin	  β8,	  did	  not	  inhibit	  cell	  spreading	  on	  Peptide	  302-­‐322.	  	  P1F6,	   an	   anti-­‐αvβ5	   integrin	   antibody	   and	   VNR1,	   an	   anti-­‐αvβ3	   antibody	   were	   included	   to	  determine	   the	   contributions	   of	   the	   β5	   and	   β3	   subunits.	   These	   antibodies	   inhibited	   cell	  spreading	  onto	  Peptide	  302-­‐322	  by	  35.9	  ±	  17%	  and	  31.7	  ±	  7.1%	  respectively	  (Fig.	  3.13C).	  To	  control	  for	  the	  specificity	  of	  the	  P1F6	  antibody,	  collagen	  type	  1,	  which	  is	  not	  a	  ligand	  of	  the	   integrin	   αvβ5,	   was	   included	   in	   the	   assay.	   Cell	   spreading	   on	   collagen	   type	   1	   was	   not	  inhibited	  by	  P1F6	  (Fig.	  3.13D).	  These	  data	  indicate	  that	  the	  αv-­‐containing	  integrins	  αvβ3	  and	  αvβ5	   interact	   with	   Peptide	   302-­‐322	   for	   cell	   spreading,	   and	   suggests	   that	   integrin	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interactions	  here	  do	  not	  drive	  cell	  attachment,	  and	  are	  confined	  to	  spreading	  in	  this	  part	  of	  the	  tropoelastin	  molecule.	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Figure	  3.13.	  Quantification	  of	  A)	  cell	  attachment	  and	  B-­‐D)	  spreading	  on	  Peptide	  302-­‐
322	  in	  the	  presence	  of	  a	  specific	  anti-­‐αv	  integrin	  antibody	  17E6,	  anti-­‐αvβ5	  integrin	  
antibody	  P1F6	  and	  anti-­‐αvβ3	  integrin	  antibody	  VNR1	  (10	  μg/ml).	  Cells	  were	  seeded	  
at	  1	  x	  105	  cells/ml	  for	  1	  h	  on	  Peptide	  302-­‐322.	  All	  antibodies	  except	  the	  control,	  an	  
antibody	  against	  integrin	  β8	  significantly	  decreased	  cell	  binding	  to	  tropoelastin	  
constructs.	  Error	  bars	  represent	  SD	  where	  n=4.	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3.5	  Discussion	  
	  Cells	   adhere	   and	   spread	   on	   ECM	   proteins	   through	   a	   wide	   variety	   of	   cell-­‐surface	  mechanisms.	   These	   processes	   are	   vital	   for	   cell	   survival	   and	   tissue	   maintenance.	   Short	  sequences	   that	   have	   been	   derived	   from	   various	   ECM	   proteins	   such	   a	   fibronectin	   and	  laminin	  promote	  these	  processes.	  However,	   there	   is	   less	  knowledge	  of	   the	  corresponding	  role	  of	   sequences	  derived	   from	  tropoelastin.	  Studies	  have	  shown	  that	  GAGs	   interact	  with	  the	   C-­‐terminal	   region	   of	   bovine	   tropoelastin	   (177),	   but	   GAG	   interactions	   with	   human	  tropoelastin	  are	  less	  explored	  (222).	  Through	  inhibition	  studies	  that	  block	  universal	  alpha	  v	  or	  specific	  alpha	  v	  and	  beta	  3/5	  subunit	  function,	  we	  have	  previously	  demonstrated	  that	  integrins,	   specifically	   αvβ3	   and	   αvβ5,	   interact	   with	   tropoelastin	   (168,220).	   In	   particular,	  integrin	   αvβ5	  has	  been	   shown	   to	  recognize	   a	   sequence	  within	   the	   tropoelastin	   constructs	  N18	  and	  17-­‐27	  (168,220).	  	  	  We	  previously	  proposed	  a	  cell-­‐interactive	  site	  located	  in	  the	  central	  domain	  17-­‐18	  region	  of	  the	  molecule	  (220).	  In	  this	  study,	  we	  made	  a	  series	  of	  tropoelastin	  constructs	  that	  contain	  varying	   lengths	   of	   the	   domain	   18	   sequence	   (Fig.	   3.1).	   These	   constructs	   showed	   cell	  attachment	  comparable	   to	   the	  N18	  construct	  containing	   the	   full	  domain	  18	  sequence.	  On	  this	   basis,	   we	   derived	   Peptide	   302-­‐322,	   which	   corresponds	   to	   the	  AAAAAAAAAAKAAKYGAAAGL	  sequence	  within	  the	  shortest	  aa	  27-­‐322	  construct	  (Fig.	  3.3),	  and	   used	   it	   to	   map	   the	   cell	   binding	   site	   in	   this	   central	   region.	   We	   discovered	   that	   cell	  surface	  GAG	  and	  integrin	  receptors	  recognize	  this	  sequence	  independently	  from	  the	  rest	  of	  tropoelastin,	   and	   that	   the	   peptide	   mediates	   both	   cell	   attachment	   and	   spreading.	   This	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sequence	   represents	   a	   novel	   cell-­‐interactive	   motif	   derived	   from	   tropoelastin	   that	  recognizes	  both	  GAG	  and	  integrin	  receptors.	  	  There	  are	  advantages	  in	  isolating	  a	  peptide	  to	  target	  specific	  cell	  adhesion	  receptors,	  as	  the	  full-­‐length	   protein	   can	   contain	   several	   sequences	   that	   are	   recognized	   by	   distinct	   cell	  surface	   receptors	   or	   different	   types	   of	   the	   same	   receptor	   family	   (213,223).	   These	  sequences	   can	   have	  widely	   varied	   effects	   on	   downstream	   signaling.	   	   For	   example,	   GAGs	  induce	   signaling	  pathways	   that	  differ	   from	   integrins	   and	   so	   can	   initiate	  different	   cellular	  processes	   (224).	  Even	  different	   families	  of	   integrins	  exhibit	  different	  effects,	   for	   example	  GFOGER,	  a	   sequence	  derived	   from	  collagen	  which	  binds	   to	   integrins	  α1β1	  and	  α2β1	  (157),	  induces	   different	   signaling	   processes	   to	   the	   LDV	   motif	   derived	   from	   fibronectin,	   which	  binds	   to	   integrin	   α4β1	  (213).	   	   In	   addition,	   the	   ligands	   cRGD	   and	   cHarGD,	   which	   bind	   to	  distinct	   sites	   on	   the	   same	   aIIIbB3	   receptor,	   initiate	   different	   functional	   consequences	  within	  the	  receptor	  (225).	  Therefore,	  discovering	  novel	  and	  specific	  cell-­‐binding	  sequences	  through	   multiple	   receptors	   opens	   possibilities	   for	   fine	   tuning	   the	   regulation	   of	   cellular	  responses.	  Our	  study	  identifies	  a	  sequence	  in	  the	  tropoelastin	  molecule	  that	  independently	  binds	  cells	  and	  allows	  cell	  spreading,	  each	  of	  which	  are	  vital	  processes	  in	  cell	  migration	  and	  wound	  healing	  (226-­‐228).	  	  Previous	  studies	  have	  proposed	  indirect	  cell	  binding	  to	  tropoelastin	  involving	  the	  bridging	  protein	  fibulin-­‐5	  (194,229).	  Our	  assays	  do	  not	  exclude	  this	  additional	  pathway,	  and	  are	  of	  a	  short	   time	   frame	  where	   cells	   are	   seeded	   on	   peptide	   coated	  wells	   for	   1	   hr,	   reducing	   the	  availability	  of	  cell	  secreted	  proteins	  and	  so	  excluding	  their	  meaningful	  function	  as	  bridging	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molecules	   between	   tropoelastin	   and	   cellular	   receptors.	   Also,	   our	   methods	   include	   a	  blocking	   step,	   which	   prevents	   newly	   synthesized	   protein	   from	   potentially	   binding	   to	  substrata	   and	   thus	   to	   cells.	   Therefore,	   these	   studies	   show	  a	  direct	   interaction	  between	  a	  peptide	   corresponding	   to	   a	   centrally	   located	   tropoelastin	   sequence	   and	   receptors	   on	   the	  surface	  of	  cells.	  	  	  Mutations	  were	   introduced	   into	   Peptide	   302-­‐322	   to	   investigate	   the	   specific	   amino	   acids	  involved	   in	   mediating	   cellular	   interactions.	   Features	   of	   these	   perturbing	   tyrosine	   and	  lysines	  in	  our	  tropoelastin	  derived	  sequence	  are	  variously	  present	  in	  multiple	  ECM	  binding	  ligands,	  such	  as	  the	  laminin-­‐derived	  YIGSR	  and	  DYATLQLQEGRLHFMFDLG	  sequences	  (230-­‐232),	  the	  GRKRK	  motif	  in	  tropoelastin,	  and	  the	  RKKH	  sequence	  derived	  from	  jararhagin,	  a	  hemorrhagic	   snake	   venom	  metalloproteinase.	   Therefore,	   these	   residues	   in	   Peptide	   302-­‐322	   were	   sequentially	   alanine-­‐substituted	   to	   investigate	   their	   role	   in	   cell	   interactions	  (Fig.4A).	  Replacing	   the	   tyrosine	  did	  not	  reduce	  cell	  attachment,	  whereas	  replacing	  any	  of	  the	  lysines	  profoundly	  inhibited	  the	  peptide’s	  ability	  to	  support	  cell	  binding	  then	  spreading.	  We	   conclude	   that	   lysines	   are	   crucial	   in	   cell-­‐Peptide	  302-­‐322	   interactions.	   The	  negatively	  charged	  GAG	  molecules	   are	   known	   to	   interact	  with	   positively	   charged	   lysine	   residues	   in	  tropoelastin	  during	  various	  stages	  of	  elastin	  assembly	  (203,233).	  At	  physiological	  pH,	   the	  lysine	  residues	  are	  expected	  to	  be	  protonated,	  which	  allows	  electrostatic	  interactions	  with	  the	  negatively-­‐charged	  GAGs	  (203).	  	  	  Likewise,	  GAGs	  have	  been	  shown	  to	  bind	  a	  range	  of	  other	  molecules	   through	  their	   lysine	  residues	  (199-­‐202).	  Cell	  surface	  heparin	  and	  chondroitin	  sulfate	  which	  contain	  GAGs	  have	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been	   reported	   to	   mediate	   interactions	   between	   chondrocytes	   and	   bovine	   tropoelastin	  (126).	   However,	   GAG-­‐mediated	   cell	   interaction	   has	   not	   yet	   been	   shown	   with	   human	  tropoelastin.	  The	  lack	  of	  cell	  interactions	  with	  the	  Negative	  Control	  Peptide,	  which	  contains	  3	   lysine	   residues,	   supports	   a	   model	   where	   the	   Peptide	   302-­‐322-­‐GAG	   interactions	   are	  sequence	   dependent,	   and	   indeed,	   that	   an	   increased	   positively	   charged	   content	   does	   not	  necessarily	  dictate	  higher	  levels	  of	  cell	  attachment.	  	  	  Cell	  spreading	  follows	  cell	  attachment.	  Monoclonal	  antibody	  inhibition	  studies	  identified	  αv	  integrin	  involvement	  in	  fibroblast	  spreading	  on	  Peptide	  302-­‐322.	  However	  integrins	  do	  not	  appear	   to	   be	   the	  main	   receptors	   for	   cell	   attachment.	   This	  was	   supported	   by	   the	   lack	   of	  cation	  dependence	  in	  the	  cell	  attachment	  process.	  Integrins	  αvβ3	  and	  αvβ5	  have	  previously	  been	   shown	   to	   interact	   with	   tropoelastin	   (168,220).	   In	   this	   study,	   the	   inclusion	   of	   both	  P1F6	   and	   VNR1	   antibodies	   inhibited	   cell	   spreading	   on	   Peptide	   302-­‐322,	   confirming	   the	  involvement	   of	   both	   αvβ3	   and	   αvβ5	   integrins	   in	   this	   process.	   The	   utilization	   of	   these	  integrins	   during	   cell-­‐tropoelastin	   interactions	   is	   consistent	   with	   integrin	   αvβ5	   and	   αvβ3	  expression	   by	   fibroblasts	   (161,187,234),	  where	   they	   also	  mediate	   cell	   adhesion	   to	   other	  ECM	  proteins	   including	  vitronectin,	   fibrinogen	  and	  fibronectin	  (159).	  Our	  results	  point	  to	  the	   possibility	   that	   strong	   adhesion	   through	   integrins	   may	   be	   in	   one	   or	   more	   separate	  regions	  outside	  of	  domains	  17-­‐18.	  	  We	  propose	   that	   fibroblast	   attachment	   and	   spreading	  on	  Peptide	  302-­‐322	  occurs	   in	   two	  steps:	   (i)	   cell	   surface	   GAGs	   initially	   bind	   to	   the	   peptide,	   which	   then	   (ii)	   induces	   local	  enrichment	   of	   the	   integrin	   αv	   family	   and	   promotes	   cell	   spreading.	   This	   type	   of	   stepwise	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mechanism	   has	   been	   observed	   in	   other	   studies,	   where	   heparin	   inhibits	   fibroblast	  attachment,	   while	   anti-­‐integrin	   α2	   or	   β1	   antibodies	   inhibit	   fibroblast	   spreading	   on	   the	  laminin	   α1	   chain	   LG4	  module	   (235).	   Furthermore,	   two	   active	   peptides	   derived	   from	   the	  mouse	  laminin	  α1	  chain,	  AG73	  which	  binds	  to	  syndecan,	  and	  EF1	  which	  interacts	  with	  α2β1	  integrin,	   demonstrate	   different	   levels	   of	   cell	   binding	   and	   spreading.	   The	   AG73	   peptide	  promotes	   only	   cell	   attachment,	  whereas	   the	   EF1	   peptide	   promotes	   both	   cell	   attachment	  and	   spreading,	   supporting	   the	   notion	   that	   syndecans	   are	   responsible	   for	   the	   cell	  attachment	   process	   while	   integrins	   are	   vital	   for	   cell	   spreading	   (212,236).	   Similarly,	   the	  ADAM12	  metallopeptidase	   sequence	   contains	   a	   cysteine-­‐rich	   domain	   that	   initially	   binds	  mesenchymal	   cell	   syndecans,	   which	   in	   turn	   promote	   cell	   spreading	   through	   integrin	   β1	  (237).	  This	  role	  for	  syndecans	  in	  initiating	  the	  integrin	  function	  is	  well-­‐documented	  (238-­‐241)	  For	  example,	  integrin	  αvβ3	  signaling	  during	  cell	  spreading	  on	  vitronectin	  is	  dependent	  on	   the	   activation	   of	   syndecan-­‐1	   (241).	   Similarly,	   the	   assembly	   of	   syndecan-­‐1	   into	   a	   cell	  surface	   complex	   regulates	   αvβ5	   integrin	   signaling	   in	   fibroblasts	   (242).	   Integrin	   α5β1	  signaling	   has	   also	   been	   shown	   to	   rely	   on	   the	   initial	   accumulation	   of	   syndecan-­‐2	   during	  carcinoma	   cell	   attachment	   to	   fibronectin	   (238).	   A	   similar	   cooperation	   between	   GAG-­‐containing	  syndecans	  and	  integrins	  may	  be	  required	  for	   full	  attachment	  and	  spreading	  of	  cells	  on	  the	  Peptide	  302-­‐322	  sequence.	  Cell	  anchorage	  by	  syndecans	  to	  the	  protein	  ligand	  potentially	   facilitates	   subsequent	   integrin	   engagement,	   which	   is	   consistent	   with	   the	  relative	   maximum	   reach	   distance	   of	   each	   receptor	   (Fig.	   3.14)	   (239).	   The	   HS	   chains	   of	  syndecans	   have	   a	   potential	   reach	   of	   500	   nm	   (243)	   in	   contrast	   to	   the	   shorter	   reach	   of	  integrins	   at	   17	   nm	   (240).	   Syndecan-­‐2	   and	   Syndecan-­‐3	   have	   been	   suggested	   as	   probable	  candidates	   for	   interactions	   with	   tropoelastin	   due	   to	   a	   predominance	   of	   filopodial	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extensions	   in	   tropoelastin-­‐adherent	   cells,	   resembling	   the	  effects	  of	   the	  overexpression	  of	  these	   receptors	   (126,244).	   ECM	   interactions	   with	   integrins	   are	   known	   to	   trigger	  intracellular	   pathways	   to	   promote	   actin	   cytoskeletal	   assembly	   (245);	   indeed,	   we	   have	  shown	   that	   adhesion	   and	   spreading	   on	   tropoelastin	   involves	   actin	   polymerization	   (220).	  Other	  cell	   types	  such	  as	  human	  umbilical	  vein	  endothelial	  cells	  (219)	  and	  smooth	  muscle	  cells	  (unpublished	  data,	  Tara	  Bartolec,	  T.B.	  and	  Anthony	  S.	  Weiss,	  A.S.W.)	  have	  been	  shown	  to	   adhere	   and	   spread	   to	   tropoelastin	   constructs.	  We	   hypothesize	   that	   these	   interactions	  involve	   a	   similar	   two-­‐step	  mechanism	   involving	  GAG	  and	   integrin	   interactions.	  However,	  we	  do	  not	  discount	  the	  concept	  that	  different	  populations	  of	  cell	  receptors	  could	  elicit	  cell	  binding	  and	  spreading.	  	  Through	  these	  studies,	  we	  identified	  a	  GAG	  binding	  site	  in	  the	  central	  region	  of	  tropoelastin	  (Fig.8B).	  Furthermore,	  this	  site	  works	  synergistically	  with	  integrins:	  GAGs	  initially	  bind	  to	  the	   peptide,	   which	   then	   allows	   engagement	   of	   the	   integrin	   αv	   family	   to	   induce	   cell	  spreading.	  The	  addition	  of	  HS	  GAGs	  has	  been	  shown	  to	  alter	  the	  deposition	  of	  tropoelastin	  into	  the	  ECM	  (246,247).	  Additionally,	  in	  vitro	  studies	  using	  HS	  have	  been	  shown	  to	  alter	  the	  coacervation	  properties	  of	  tropoelastin	  and	  induce	  the	  aggregation	  of	  tropoelastin	  into	  an	  ordered	   fibrillar	   structure,	   confirming	   the	   importance	   of	   GAGs	   in	   elastic	   fiber	   assembly	  (203,248).	   Interestingly,	   it	  has	  been	  shown	   that	   the	   incorporation	  of	   lysine	   into	   integrin-­‐adhesive	   peptides	   improves	   the	   cell	   adhesion	   performance	   of	   biomaterials	   (249).	  Additionally,	   a	   mixture	   of	   integrin	   and	   GAG	   binding	   peptides	   promotes	   stronger	   cell	  attachment	  and	  spreading	  than	  the	  individual	  peptides,	  commensurate	  with	  the	  advantages	  of	  a	  synergistic	  function	  for	  GAGs	  and	  integrins	  (212).	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By	   distilling	   the	   cell-­‐binding	   site	   to	   a	   short	   Peptide	   302-­‐322	   sequence,	   this	   work	   has	  opened	   opportunities	   for	   fine	   tuning	   the	   regulation	   of	   cellular	   responses.	   Although	  extensive	  alternative	  splicing	  is	  a	  characteristic	  of	  elastin	  mRNA,	  domain	  17	  of	  tropoelastin	  has	  not	  been	  observed	  to	  be	  subjected	  to	  alternative	  splicing,	  which	  is	  consistent	  with	  its	  role	   in	   elastin	   function	   (20,23).	   Additionally,	   domain	   17	   is	   one	   of	   the	   few	   lysine-­‐rich	  regions	  in	  tropoelastin	  that	  does	  not	  participate	  in	  cross-­‐linking	  (89,250),	  leaving	  the	  lysine	  residues	   available	   for	   cell	   receptor	   interactions.	   Domains	   16-­‐17	   are	   important	   in	  tropoelastin	  self-­‐assembly	  and	  elastic	  fiber	  formation	  (73)	  where	  the	  cell-­‐interactive	  ability	  of	  tropoelastin	  has	  been	  shown	  to	  be	  associated	  with	  elastic	  fiber	  assembly	  (184).	  Here,	  we	  find	  that	  part	  of	  the	  hydrophilic	  domain	  17	  interacts	  with	  cells.	  This	  short	  sequence	  allows	  for	   cell	   adhesion	   through	   GAGs,	   which	   then	   in	   turn	   facilitate	   integrin-­‐mediated	   cell	  spreading.	  Since	  the	  tropoelastin	  construct	  aa	  27-­‐322	  still	  shows	  a	  significant	  level	  of	  cell	  binding	  with	  the	  addition	  of	  HS	  as	  an	  inhibitor,	  we	  hypothesize	  that	  the	  dominant	  integrin	  binding	  sites	  are	  in	  exposed	  regions	  outside	  domains	  17-­‐18	  (Fig.	  3.15)	  (220).	  The	  sequence	  composition	   of	   domain	   17	   resembles	   that	   seen	   in	   other	   tropoelastin	   domains	   such	   as	  domains	  15	   and	  19.	  We	  aim	   to	   explore	   the	   significance	  of	   these	   regions	   in	   a	   subsequent	  manuscript.	   Understanding	   the	   multiple	   contributions	   of	   tropoelastin	   regions	   to	   cell	  adhesion	  activity	  gives	   improved	   insight	   into	   the	  role	  of	   this	  protein	   in	  physiological	  and	  pathological	   cell	   responses.	   Future	   studies	   investigating	   the	   syndecan	   and	   integrin-­‐mediated	   signaling	   pathways	   induced	   by	   tropoelastin	   and	   derivative	   sequences	   would	  finely	  examine	  this	  testable	  model.	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Figure	  3.14.	  Model	  of	  sequential	  cell	  attachment	  and	  spreading	  to	  the	  Peptide	  302-­‐
322	  sequence.	  Cell	  attachment	  is	  mediated	  through	  cell-­‐surface	  GAG	  binding,	  which	  
is	  followed	  by	  integrin-­‐mediated	  cell	  spreading.	  The	  cell	  surface	  schematic	  
distribution	  of	  GAG-­‐containing	  syndecan	  and	  integrin	  molecules	  is	  adapted	  from	  
reference	  (239).	  The	  chains	  of	  the	  syndecans	  have	  a	  potential	  reach	  of	  500	  nm.	  These	  
flexible	  chains	  can	  be	  compressed	  down	  to	  40	  nm.	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Figure	  3.15.	  Schematic	  of	  the	  GAG	  and	  integrin	  binding	  sites	  on	  tropoelastin.	  The	  
white	  and	  black	  boxes	  represent	  exon-­‐encoded	  domains	  where	  the	  white	  regions	  
indicate	  the	  hydrophilic	  domains,	  while	  the	  black	  regions	  indicate	  the	  hydrophobic	  
domains.	  This	  schematic	  is	  adapted	  from	  (220).	  Both	  images	  are	  not	  to	  scale.	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Chapter	  4:	  Domains	  12-­‐16	  of	  
tropoelastin	  interact	  through	  both	  
integrins	  alphaV	  and	  alpha5beta1	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4.1	  Introduction	  
	  The	  C-­‐terminal	  domain	  36	  (4)	  and	  central	  domains	  17-­‐18	  (251)	  regions	  of	  tropoelastin	  have	  been	  shown	  to	  support	  cell	  attachment	  and	  spreading.	  However,	  whether	  these	  cell	  interactions	  are	  predominately	  mediated	  by	  EBP,	  GAGs,	  or	  integrins	  has	  been	  a	  subject	  of	  debate.	  In	  our	  study	  with	  tropoelastin	  and	  domains	  17-­‐18	  in	  Chapter	  2	  and	  3	  respectively,	  we	  showed	  that	  GAGs	  and	  integrins	  were	  involved	  in	  the	  interaction	  between	  tropoelastin	  and	  fibroblasts.	  However,	  inhibition	  studies	  with	  HS	  which	  serves	  as	  a	  competitive	  inhibitor	  for	  GAGs	  did	  not	  inhibit	  cell	  binding	  to	  larger	  tropoelastin	  constructs.	  EBP	  on	  the	  other	  hand	  is	  now	  widely	  accepted	  as	  a	  mediator	  of	  cell	  interactions	  with	  elastin	  fragments	  rather	  than	  the	  full-­‐length	  molecule.	  In	  this	  study,	  we	  made	  constructs	  which	  dissect	  the	  tropoelastin	  molecule	  directed	  towards	  understanding	  the	  roles	  of	  receptors	  in	  interacting	  with	  tropoelastin	  regions	  upstream	  of	  domains	  17-­‐18	  which	  has	  been	  shown	  to	  be	  a	  GAG-­‐mediated	  cell	  binding	  region.	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4.2	  Materials	  
	  Recombinant	  human	  tropoelastin	  constructs	  were	  produced	  in-­‐house	  (18).	  Human	  dermal	  fibroblasts	  (GM3348)	  were	  sourced	  from	  the	  Coriell	  Research	  Institute	  (Camden,	  NJ).	  Anti-­‐human	  αv	  integrin	  antibody	  17E6	  and	  anti-­‐human	  β8	  integrin	  antibody	  were	  obtained	  from	  Abcam.	  The	  anti-­‐human	  α5β1	  integrin	  antibody	  JBS5	  was	  obtained	  from	  Millipore.	  All	  other	  reagents	  used	  in	  this	  study	  are	  listed	  in	  Appendix	  6.1.	  The	  solutions	  and	  solution	  components	  used	  in	  this	  study	  is	  in	  Appendix	  6.2.	  	  
	  
4.3	  Methods	  
	  
4.3.1	  Tropoelastin	  construct	  expression	  
	  Tropoelastin	  constructs	  N18	  (aa	  27-­‐365),	  N16	  (aa	  27-­‐	  296),	  N15.5	  (aa	  27-­‐	  281),	  N14	  (aa	  27-­‐	  236),	  N13	  (aa	  27-­‐216),	  N12	  (aa	  27-­‐202),	  N10	  (aa-­‐27-­‐168)	  and	  12-­‐16	  (aa	  203-­‐296)	  were	  modified	  from	  the	  WT	  full-­‐length	  tropoelastin	  sequence	  corresponding	  to	  amino	  acid	  residues	  27-­‐724	  of	  Genbank	  accession	  number	  AAC98394	  (gi	  182020)	  (Appendix	  6.3.).	  The	  protein	  sequence	  of	  each	  construct	  is	  listed	  in	  Appendix	  (6.4.).	  The	  gene	  sequences	  corresponding	  to	  these	  constructs	  were	  cloned	  in-­‐house	  into	  the	  pET3d	  vector,	  transformed	  into	  Escherichia	  coli	  BL21	  (DE3)	  cells,	  overexpressed,	  isolated	  as	  described	  (18)	  and	  purified	  by	  reversed	  phase	  HPLC	  using	  an	  Agilent	  Technologies	  ZORBAX	  StableBond	  300SB-­‐C18	  5	  μm	  column.	  A	  gradient	  of	  0-­‐100%	  acetonitrile	  and	  0.1%	  TFA	  over	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1	  h	  was	  used	  to	  elute	  the	  fractions.	  Single	  species	  corresponding	  to	  predicted	  molecular	  masses	  were	  isolated	  and	  confirmed	  using	  SDS-­‐PAGE.	  	  	  
4.3.2	  Cell	  culture	  	  GM3348	  human	  dermal	  fibroblasts	  were	  cultured	  in	  DMEM	  supplemented	  with	  10%	  (v/v)	  FBS	  and	  passaged	  1:3	  every	  3	  –	  4	  days.	  	  
	  
4.3.3	  Cell	  attachment	  and	  Spreading	  	  Cell	  attachment	  and	  spreading	  analyses	  were	  performed	  as	  described	  in	  Chapter	  2	  and	  3.	  	  	  
4.3.4	  Inhibition	  studies	  
	  Inhibition	  studies	  were	  conducted	  following	  cell	  attachment	  or	  spreading	  assay	  protocols	  as	  described	  above.	  As	  an	  inhibitor,	  α-­‐lactose,	  HS	  and	  EDTA	  were	  added	  to	  cells	  at	  a	  concentration	  of	  10	  mM,	  10	  ug/ml	  and	  5	  mM	  respectively.	  The	  molecular	  weight	  of	  the	  HS	  was	  10-­‐70	  kDa	  and	  the	  sulfate	  per	  hexosamine	  was	  0.8-­‐1.8.	  Antibodies	  against	  αv	  and	  β8	  integrins	  were	  added	  to	  cells	  at	  20	  ug/ml.	  The	  antibody	  against	  α5β1	  integrin	  was	  added	  at	  either	  1	  in	  50	  or	  1	  in	  100	  dilution.	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4.3.5	  Statistical	  analyses	  
	  Experiments	  were	  performed	  in	  triplicate	  or	  quadruplicate	  as	  indicated	  and	  reported	  as	  mean	  ±	  standard	  deviation	  of	  mean	  (SD).	  Analyses	  were	  carried	  out	  using	  one-­‐way	  or	  two-­‐way	  analysis	  of	  variance	  (ANOVA)	  applied	  with	  Bonferroni	  post-­‐tests.	  Data	  was	  accepted	  as	  statistically	  significant	  at	  p<0.05	  (*	  =	  p<0.05,	  **	  =	  p<0.01,	  ***	  =	  p<0.001	  and	  ****	  =	  
p<0.0001).	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4.4	  Results	  
	  
4.4.1	  A	  cell-­‐binding	  site	  exists	  upstream	  of	  domains	  17-­‐18	  of	  
tropoelastin	  	  	  In	  the	  previous	  chapter,	  we	  identified	  both	  integrin	  and	  GAG	  binding	  mechanisms	  during	  human	  dermal	  fibroblast	  interactions	  with	  tropoelastin	  (4,220,251).	  A	  central	  21–residue	  sequence	  (Peptide	  302-­‐322)	  derived	  from	  the	  domain	  17-­‐18	  region	  of	  tropoelastin	  was	  shown	  to	  utilize	  a	  two-­‐step	  mechanism	  for	  cell	  interaction,	  where	  GAGs	  mediate	  the	  initial	  attachment,	  followed	  by	  integrins	  which	  stimulate	  cell	  spreading.	  This	  study	  utilizes	  tropoelastin	  constructs	  to	  further	  understand	  the	  contribution	  of	  cell	  surface	  receptors	  separate	  from	  the	  17	  -­‐18	  region	  in	  tropoelastin-­‐cell	  interactions	  (Fig.4.1).	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Figure	  4.1.	  Schematic	  representation	  of	  tropoelastin-­‐based	  constructs	  used	  in	  this	  
study.	  The	  white	  regions	  indicate	  hydrophilic	  domains	  and	  the	  black	  regions	  indicate	  
hydrophobic	  domains.	  This	  figure	  is	  not	  to	  scale	  in	  order	  to	  clearly	  display	  
differences	  between	  the	  constructs.	  
 The	  tropoelastin	  construct	  N18	  (N-­‐terminus	  to	  domain	  18)	  is	  known	  to	  be	  cell-­‐adhesive	  (220).	  N16	  (N-­‐terminus	  to	  domain	  16)	  was	  synthesized	  to	  confirm	  the	  existence	  of	  a	  cell	  binding	  site	  upstream	  of	  domains	  17-­‐18.	  A	  shorter	  construct,	  N12	  (N-­‐terminus	  to	  domain	  12),	  was	  synthesized	  to	  include	  a	  key	  region	  in	  domain	  12,	  where	  a	  homozygous	  missense	  mutation	  resulting	  in	  the	  replacement	  of	  proline	  by	  serine	  at	  position	  211	  (P211S)	  is	  associated	  with	  mild	  cutis	  laxa	  (30).	  N10	  (N-­‐terminus	  to	  domain	  10)	  does	  not	  support	  cell	  attachment	  and	  spreading	  (220)	  and	  serves	  as	  a	  negative	  control.	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Human	  dermal	  fibroblasts	  adhered	  to	  both	  N18	  and	  N16	  in	  a	  dose	  dependent	  manner	  (Fig.	  4.2).	  However,	  cell	  binding	  to	  N16	  was	  significantly	  lower	  than	  N18,	  with	  maximal	  cell	  attachment	  at	  61	  ±	  1.1%	  and	  76.9	  ±	  10.3%	  respectively,	  while	  N10	  and	  N12	  showed	  minimal	  levels	  of	  cell	  attachment.	  These	  results	  suggest	  that	  binding	  site/s	  exist	  within	  domains	  13	  to	  16.	  Since	  N12	  similarly	  showed	  negligible	  cell	  attachment	  as	  N10,	  it	  was	  utilized	  as	  a	  negative	  control	  in	  further	  studies.	  	  	  N16	  supported	  cell	  spreading	  at	  1	  h	  (77.4	  ±1.5%),	  although	  not	  to	  the	  same	  extent	  as	  N18	  (87.3	  ±	  2.7%)	  (Fig.	  4.3A).	  N12	  did	  not	  allow	  cell	  spreading	  (4.5	  ±	  1%),	  consistent	  with	  its	  low	  cell	  attachment	  ability.	  Representative	  images	  illustrated	  that	  cells	  on	  N18	  and	  N16	  were	  predominantly	  spread	  with	  phase-­‐dark	  nuclei,	  compared	  to	  those	  on	  N12,	  which	  were	  predominantly	  unspread	  with	  phase-­‐bright	  nuclei	  (Fig.	  4.3B).	  While	  N18	  displayed	  a	  higher	  degree	  of	  cell	  interactivity	  than	  N16,	  likely	  due	  to	  an	  additional	  cell	  binding	  site	  within	  domains	  17-­‐18,	  N16	  also	  exhibited	  cell	  adhesive	  and	  spreading	  properties,	  consistent	  with	  the	  presence	  of	  upstream	  cell-­‐interactive	  site/s	  within	  domains	  13-­‐16	  of	  tropoelastin.	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Figure	  4.2.	  Cell	  adhesion	  to	  increasing	  molar	  concentrations	  of	  the	  tropoelastin	  
constructs	  N18,	  N16,	  N12.	  Error	  bars	  represent	  SD	  where	  n=3.	  No	  data	  points	  were	  
omitted.	  Some	  of	  the	  data	  points	  lack	  visible	  error	  bars	  due	  to	  very	  low	  error	  values.	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Figure	  4.3.	  A)	  Quantification	  of	  cell	  spreading	  on	  the	  tropoelastin	  constructs	  N18,	  
N16,	  N12	  and	  N10.	  Error	  bars	  represent	  SD	  where	  n=4	  and	  no	  data	  points	  were	  
omitted.	  B)	  Representative	  images	  of	  cell	  spreading.	  Scale	  bar:	  200	  um.	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4.4.2	  Multiple	  regions	  within	  domains	  12-­‐16	  of	  tropoelastin	  appear	  to	  be	  
important	  in	  tropoelastin-­‐cell	  interactions	  	  C-­‐terminally	  truncated	  constructs	  N16,	  N14	  (N-­‐terminus	  to	  domain	  14),	  N13	  (N-­‐terminus	  to	  domain	  13)	  and	  N12	  were	  used	  to	  delineate	  the	  potential	  domain	  17-­‐18	  independent	  cell	  binding	  regions	  (Fig.	  4.4).	  At	  maximal	  concentrations,	  N14,	  N13	  and	  N12	  showed	  significantly	  decreased	  cell	  binding	  at	  26.1	  ±	  4.5%,	  16.2	  ±	  2.9%	  and	  9.3	  ±	  0.1%,	  respectively,	  compared	  to	  N16	  at	  52.1	  ±	  2%,	  indicating	  a	  potential	  dominant	  cell-­‐adhesive	  site	  between	  domains	  15-­‐16	  (Fig.	  4.5).	  N14,	  N13	  and	  N12	  also	  differed	  in	  their	  cell	  binding	  abilities,	  suggesting	  the	  possibility	  of	  other	  cell	  binding	  sites	  between	  domains	  13-­‐14.	  To	  explore	  these	  differences	  further,	  cell	  spreading	  assays	  were	  carried	  out	  with	  these	  constructs	  over	  1	  h.	  Cell	  spreading	  on	  N13	  (13.3	  ±	  3.7%)	  and	  N14	  (14.4	  ±	  5.7%)	  were	  significantly	  lower	  than	  that	  on	  N16	  (65.3	  ±8.9%)	  (Fig.	  4.6),	  suggesting	  the	  presence	  of	  a	  cell-­‐interactive	  site	  within	  domains	  15-­‐16	  of	  tropoelastin.	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Figure	  4.4.	  Schematic	  representation	  of	  tropoelastin-­‐based	  constructs	  used	  in	  this	  
study.	  The	  white	  regions	  indicate	  hydrophilic	  domains	  and	  the	  black	  regions	  indicate	  
hydrophobic	  domains.	  This	  figure	  is	  not	  to	  scale	  in	  order	  to	  clearly	  display	  
differences	  between	  the	  constructs.	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Figure	  4.5.	  Cell	  adhesion	  to	  increasing	  molar	  concentrations	  of	  the	  tropoelastin	  
constructs	  N16,	  N14,	  N13	  and	  N12.	  Error	  bars	  represent	  SD	  where	  n=3	  and	  no	  data	  
points	  were	  omitted.	  Some	  of	  the	  data	  points	  lack	  visible	  error	  bars	  due	  to	  very	  low	  
error	  values.	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Figure	  4.6.	  A)	  Quantification	  of	  cell	  spreading	  on	  the	  tropoelastin	  constructs	  N16,	  
N14	  and	  N13.	  Error	  bars	  represent	  SD	  where	  n=4	  and	  no	  data	  points	  were	  omitted.	  
B)	  Representative	  images	  of	  cell	  spreading.	  Scale	  bar:	  200	  um.	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To	  further	  understand	  the	  cell-­‐binding	  properties	  between	  domains	  15	  and	  16,	  the	  construct	  N15.5	  was	  made	  (N-­‐terminus	  to	  the	  first	  15	  residues	  of	  domain	  16)	  (Fig.	  4.7).	  Cell	  attachment	  to	  N15.5	  was	  indistinguishable	  to	  that	  of	  N16	  (Fig.	  4.8A).	  In	  addition,	  N15.5	  supported	  cell	  attachment	  at	  61.7	  ±	  9%,	  which	  is	  significantly	  different	  to	  N14	  at	  27.4	  ±	  3.8%	  (Fig.	  4.8B),	  suggesting	  an	  important	  cell-­‐interactive	  region	  that	  does	  not	  involve	  the	  latter	  part	  of	  domain	  16.	  Spreading	  analyses	  confirmed	  the	  attachment	  results,	  as	  there	  was	  no	  significant	  difference	  between	  cell	  spreading	  on	  N15.5	  (65.3	  ±	  2.7%)	  and	  N16	  (59.8	  ±	  5.5%),	  both	  of	  which	  were	  higher	  than	  cell	  spreading	  on	  N14	  (29.4	  ±	  7.4%)	  (Fig.4.9A-­‐B).	  Collectively,	  these	  data	  suggests	  a	  cell-­‐interactive	  region	  between	  domain	  15	  and	  the	  first	  half	  of	  domain	  16	  that	  is	  involved	  in	  both	  cell	  attachment	  and	  spreading.	  	  	  
	  
Figure	  4.7.	  Schematic	  representation	  of	  tropoelastin-­‐based	  constructs	  used	  in	  this	  
study.	  The	  white	  regions	  indicate	  hydrophilic	  domains	  and	  the	  black	  regions	  indicate	  
hydrophobic	  domains.	  This	  figure	  is	  not	  to	  scale	  in	  order	  to	  clearly	  display	  
differences	  between	  the	  constructs.	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Figure	  4.8.	  Cell	  adhesion	  to	  increasing	  molar	  concentrations	  of	  the	  tropoelastin	  
constructs	  A)	  N16	  and	  N15.5	  and	  B)	  N15.5	  and	  N14.	  Error	  bars	  represent	  SD	  where	  
n=3	  and	  no	  data	  points	  were	  omitted.	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Figure	  4.9.	  Quantification	  of	  cell	  spreading	  on	  the	  tropoelastin	  constructs	  N16,	  N15.5	  
and	  N14.	  Error	  bars	  represent	  SD	  where	  n=4	  and	  no	  data	  points	  were	  omitted.	  D)	  
Representative	  images	  of	  cell	  spreading.	  Scale	  bar:	  200	  um.	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Figures	  4.5	  and	  4.6	  show	  significant	  differences	  in	  cell	  attachment	  between	  N12,	  N13	  and	  N14	  but	  not	  for	  cell	  spreading.	  These	  differences	  in	  their	  cell	  adhesive	  properties	  suggests	  that	  multiple	  contributions	  from	  different	  regions	  in	  the	  12-­‐16	  tropoelastin	  are	  required	  for	  full	  binding	  (Fig.	  4.6).	  To	  understand	  the	  contribution	  of	  these	  domains	  to	  cell	  adhesion	  further,	  we	  carried	  out	  further	  investigations	  utilising	  the	  N15.5,	  N14,	  N13,	  and	  N12	  constructs.	  Cells	  were	  incubated	  for	  1	  h,	  1.5	  h,	  or	  2	  h	  with	  these	  constructs.	  Cell	  spreading	  on	  N15.5	  (from	  36.6	  ±	  4.8%	  to	  85.7	  ±	  7%	  to	  90.8	  ±	  1.8%),	  N14	  (from	  6.8	  ±	  1.6%	  to	  73.7	  ±	  3.3%	  to	  74.7	  ±	  3.9%),	  N13	  (from	  3.2	  ±	  1.4%	  to	  49	  ±	  3.3%	  to	  55.3	  ±	  6%),	  and	  N12	  (from	  0.5	  ±	  0.6%	  to	  9.7	  ±	  2.9%	  to	  12.6	  ±	  4.3%)	  significantly	  increased	  with	  time,	  where	  N15.5	  >	  N14	  >	  N13	  >	  N12	  >	  N10	  where	  N10	  remained	  similarly	  low	  across	  all	  time	  points	  (Fig.	  4.10	  and	  4.11).	  Furthermore,	  cell	  spreading	  was	  significantly	  different	  among	  all	  constructs	  at	  the	  1.5	  and	  2	  h	  time	  points.	  These	  results	  are	  consistent	  with	  the	  idea	  that	  multiple	  sequences	  within	  domains	  12-­‐16	  mediate	  cell	  attachment	  and	  spreading.	  Furthermore,	  the	  presence	  of	  these	  multiple	  sequences	  may	  allow	  for	  a	  quicker	  interaction,	  which	  in	  turn	  allows	  cell	  spreading	  to	  occur	  within	  1	  h.	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Figure	  4.10.	  A)	  Quantification	  of	  cell	  spreading	  on	  tropoelastin	  constructs	  N15.5,	  
N14,	  N13,	  N12	  and	  N10	  after	  1	  h,	  1.5	  h	  and	  2	  h.	  Error	  bars	  represent	  SD	  where	  n=4	  
and	  no	  data	  points	  were	  omitted.	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Figure	  4.11.	  Representative	  images	  of	  cell	  spreading	  across	  the	  time	  points	  1	  h,	  1.5	  h	  
and	  2	  h.	  Scale	  bar:	  200	  um.	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4.4.3	  Domains	  12-­‐16	  support	  cell	  spreading	  and	  attachment	  to	  the	  same	  
efficacy	  as	  N16	  	  Tropoelastin	  constructs	  N13	  and	  N14	  were	  able	  to	  support	  cell	  spreading	  with	  longer	  incubations,	  suggestive	  of	  multiple	  sites	  in	  tropoelastin	  that	  contribute	  to	  cell	  adhesion	  and	  spreading.	  To	  explore	  the	  cell	  surface	  receptor	  interactions	  that	  are	  specific	  to	  the	  12-­‐16	  region,	  a	  construct	  spanning	  domains	  12-­‐16	  of	  tropoelastin	  was	  synthesized	  (Fig.	  4.12).	  The	  12-­‐16	  construct	  supported	  cell	  attachment	  (57.0	  ±	  5.0%)	  to	  the	  same	  efficacy	  as	  N16	  (50.7	  ±1.7%)	  (Fig.	  4.13).	  Furthermore,	  12-­‐16	  allowed	  cell	  spreading	  after	  1	  h	  (75.3	  ±2.1%)	  similar	  to	  that	  on	  N16	  (77.4	  ±1.5%)	  (Fig.	  4.14A).	  These	  measurements	  are	  supported	  by	  images	  of	  cells	  on	  12-­‐16	  and	  N16,	  which	  showed	  predominantly	  spread	  cells	  with	  phase-­‐dark	  nuclei	  (Fig.	  4.14B),	  suggesting	  that	  the	  domain	  12-­‐16	  region	  of	  tropoelastin	  contains	  both	  cell	  binding	  and	  spreading	  sequences.	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Figure	  4.12.	  Schematic	  representation	  of	  tropoelastin-­‐based	  constructs	  used	  in	  this	  
study.	  The	  white	  regions	  indicate	  hydrophilic	  domains	  and	  the	  black	  regions	  indicate	  
hydrophobic	  domains.	  This	  figure	  is	  not	  to	  scale	  in	  order	  to	  clearly	  display	  
differences	  between	  the	  constructs.	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Figure	  4.13.	  Cell	  adhesion	  to	  increasing	  molar	  concentrations	  of	  12-­‐16	  where	  N16	  
served	  as	  the	  positive	  control.	  Error	  bars	  represent	  SD	  where	  n=3	  and	  no	  data	  points	  
were	  omitted.	  Some	  of	  the	  data	  points	  lack	  visible	  error	  bars	  due	  to	  very	  low	  error	  
values.	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Figure	  4.14.	  Cell	  spreading	  on	  tropoelastin	  constructs	  12-­‐16	  and	  N16.	  A)	  
Quantification	  of	  cell	  spreading	  on	  the	  tropoelastin	  constructs	  12-­‐16	  where	  N16	  
served	  as	  the	  positive	  control.	  Error	  bars	  represent	  SD	  where	  n=4	  and	  no	  data	  points	  
were	  omitted.	  B)	  Representative	  images	  of	  cell	  spreading.	  Scale	  bar:	  200	  um.	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4.4.4	  Domains	  12-­‐16	  of	  tropoelastin	  adhere	  cells	  through	  both	  integrins	  
αv	  and	  α5β1	  	  To	  determine	  the	  cell	  binding	  mechanisms	  of	  the	  12-­‐16	  tropoelastin	  construct,	  cell	  adhesion	  was	  performed	  in	  the	  presence	  of	  lactose,	  HS	  and	  EDTA	  inhibitors	  (Fig.	  4.15A).	  Inclusion	  of	  either	  lactose	  or	  HS	  did	  not	  inhibit	  cell	  attachment	  to	  12-­‐16,	  while	  EDTA	  significantly	  inhibited	  cell	  attachment	  by	  95.4	  ±	  0.3%,	  suggesting	  the	  involvement	  of	  integrins	  in	  this	  central	  region	  of	  tropoelastin.	  To	  identify	  the	  involvement	  of	  specific	  integrins,	  a	  panel	  of	  inhibitory	  anti-­‐integrin	  antibodies	  were	  included	  during	  cell	  attachment	  assays.	  Inclusion	  of	  the	  pan-­‐anti-­‐αv	  integrin	  inhibitory	  antibody	  17E6	  and	  anti-­‐α5β1	  integrin	  antibody	  JBS5	  separately	  did	  not	  inhibit	  cell	  attachment	  to	  12-­‐16.	  However,	  the	  combination	  of	  both	  antibodies	  inhibited	  cell	  attachment	  by	  69.3	  ±	  11.7%	  (Fig.	  4.15B),	  indicating	  that	  either	  type	  of	  integrin	  can	  mediate	  cell	  attachment	  to	  12-­‐16.	  Therefore,	  integrins	  appear	  to	  be	  the	  dominant	  mediators	  of	  cell	  interactions	  in	  this	  12-­‐16	  segment.	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Figure	  4.15.	  Inhibition	  of	  cell	  attachment	  to	  the	  tropoelastin	  construct	  12-­‐16.	  Cell	  
attachment	  to	  12-­‐16	  in	  the	  presence	  of	  A)	  HS	  (10	  ug/ml),	  lactose	  (10	  mM),	  or	  EDTA	  
(5	  mM);	  and	  B)	  17E6	  (20	  ug/ml),	  JBS5	  (1	  in	  50	  dilution),	  or	  the	  combination	  of	  both	  
antibodies.	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4.4.5	  Domains	  12-­‐16	  support	  cell	  spreading	  through	  stepwise	  
engagement	  of	  αv	  integrins	  followed	  by	  the	  α5β1	  integrin	  	  	  Cell	  spreading	  inhibition	  assays	  were	  performed	  on	  12-­‐16,	  since	  this	  tropoelastin	  construct	  elicited	  both	  attachment	  and	  spreading.	  Inclusion	  of	  the	  pan-­‐anti-­‐αV	  integrin	  antibody	  17E6	  (20	  mg/ml)	  significantly	  inhibited	  cell	  spreading	  on	  12-­‐16	  by	  59.1	  ±	  9.3%.	  On	  the	  other	  hand,	  the	  anti-­‐α5β1	  integrin	  antibody	  JBS5	  (1	  in	  50	  dilution)	  did	  not	  inhibit	  cell	  spreading.	  However,	  the	  combination	  of	  both	  antibodies	  at	  these	  concentrations	  inhibited	  cell	  spreading	  by	  95.3	  ±	  5.6%	  (Fig.	  4.16A).	  Inclusion	  of	  both	  antibodies	  at	  half	  the	  concentration	  (10	  mg/ml	  17E6	  and	  1	  in	  100	  dilution	  of	  JBS5)	  inhibited	  cell	  spreading	  by	  87.1	  ±	  20.1%,	  similar	  to	  the	  effect	  of	  the	  antibodies	  at	  full	  concentration	  (86.6	  ±	  26.8	  %)	  (Fig.	  4.16B).	  These	  results	  lend	  further	  support	  to	  the	  roles	  of	  integrins	  αv	  and	  α5β1	  in	  driving	  cell	  interactions.	  To	  confirm	  that	  the	  JBS5	  antibody	  was	  functional,	  cell	  spreading	  on	  12-­‐16	  and	  fibronectin,	  an	  integrin	  α5β1	  ligand,	  was	  compared	  in	  the	  presence	  of	  JBS5	  (Fig.	  4.16C-­‐D).	  Inclusion	  of	  JBS5	  significantly	  inhibited	  cell	  spreading	  on	  the	  fibronectin	  control	  by	  25.7	  ±	  8.6%;	  however,	  cell	  spreading	  on	  12-­‐16	  remained	  unchanged.	  The	  addition	  of	  the	  negative	  control	  pan-­‐anti-­‐β8	  integrin	  antibody	  did	  not	  inhibit	  cell	  spreading	  to	  both	  12-­‐16	  and	  fibronectin.	  Since	  cell	  spreading	  to	  12-­‐16	  was	  more	  profoundly	  inhibited	  by	  the	  anti-­‐αv	  antibody	  compared	  to	  the	  anti-­‐	  α5β1	  antibody,	  we	  propose	  a	  stepwise	  mechanism	  of	  interaction,	  in	  which	  αv	  integrins	  initially	  engage	  12-­‐16,	  followed	  by	  the	  α5β1	  integrin.	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Figure	  4.16.	  Cell	  spreading	  on	  12-­‐16	  in	  the	  presence	  of	  A)	  17E6,	  JBS5,	  or	  both	  
antibodies;	  and	  B)	  17E6	  and	  JBS5	  at	  20	  ug/ml	  and	  1	  in	  50	  dilution,	  respectively	  (αv	  +	  
α5β1	  I),	  or	  at	  10	  ug/ml	  and	  1	  in	  100	  dilution,	  respectively	  (αv	  +	  α5β1	  II).	  Cell	  
spreading	  on	  C)	  12-­‐16	  and	  D)	  fibronectin	  (FN)	  in	  the	  presence	  of	  17E6	  (20	  ug/ml),	  
JBS5	  (1	  in	  50	  dilution)	  or	  an	  antibody	  against	  integrin	  β8	  (20	  ug/ml).	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4.5	  Discussion	  
	  Cellular	  interactions	  with	  ECM	  proteins	  are	  crucial	  for	  cell	  survival	  and	  tissue	  maintenance.	  In	  contrast	  to	  other	  ECM	  proteins	  such	  as	  fibronectin	  and	  laminin,	  cellular	  interactions	  with	  tropoelastin	  are	  less	  understood.	  Tropoelastin	  is	  known	  to	  facilitate	  cell	  attachment	  and	  spreading	  via	  its	  C-­‐terminal	  region	  and	  central	  domains	  17-­‐18	  (4,220).	  In	  particular,	  Peptide	  302-­‐322	  (AAAAAAAAAAKAAKYGAAAGL),	  which	  is	  derived	  from	  the	  domain	  17-­‐18	  sequence,	  has	  been	  shown	  to	  directly	  support	  cell	  attachment	  through	  GAGs	  and	  cell	  spreading	  through	  integrins	  in	  a	  stepwise	  mechanism	  (251).	  While	  the	  use	  of	  HS	  as	  a	  competitive	  inhibitor	  negated	  cell	  binding	  to	  this	  peptide,	  HS	  did	  not	  inhibit	  binding	  to	  tropoelastin	  constructs	  containing	  the	  domain	  17-­‐18	  region	  (220,251),	  suggesting	  the	  presence	  of	  other	  cell	  binding	  motifs	  outside	  of	  domains	  17-­‐18.	  In	  this	  study,	  we	  explored	  these	  additional	  cell	  interfacing	  regions	  across	  an	  upstream	  part	  of	  tropoelastin	  and	  investigated	  the	  cell	  surface	  receptors	  involved	  in	  mediating	  interaction	  with	  this	  part	  of	  the	  molecule.	  	  	  To	  investigate	  potential	  cell	  binding	  sites	  upstream	  of	  domains	  17-­‐18,	  a	  series	  of	  shorter	  tropoelastin	  constructs	  lacking	  these	  domains	  were	  made	  (Fig.	  4.1).	  The	  tropoelastin	  construct	  N16	  displayed	  decreased	  cell	  attachment	  and	  spreading	  compared	  to	  N18,	  but	  was	  still	  able	  to	  support	  increased	  cell	  attachment	  and	  spreading	  compared	  to	  the	  N12	  and	  N10	  negative	  controls.	  Sequential	  C-­‐terminal	  truncation	  revealed	  multiple	  binding	  sites	  within	  domains	  12-­‐16	  and	  in	  particular,	  a	  site	  between	  domain	  15	  and	  mid-­‐domain	  16	  that	  appears	  to	  be	  important	  in	  both	  cell	  attachment	  and	  spreading.	  
	   	   	  141	  
Cell	  spreading	  follows	  cell	  attachment.	  ECM	  interactions	  with	  integrins	  are	  known	  to	  trigger	  intracellular	  pathways	  to	  promote	  actin	  cytoskeletal	  assembly	  (245).	  The	  ability	  of	  N13	  and	  N14	  to	  support	  cell	  spreading,	  albeit	  at	  longer	  time	  points,	  supports	  the	  idea	  of	  multiple	  integrin-­‐mediated	  interactions	  with	  domains	  12-­‐16	  and	  that	  these	  interactive	  sites	  may	  all	  contribute	  to	  the	  pace	  at	  which	  binding	  to	  the	  12-­‐16	  construct	  occurs.	  To	  further	  explore	  these	  interactions	  and	  their	  binding	  mechanisms,	  a	  construct	  spanning	  domains	  12-­‐16	  was	  made	  (Fig.	  4.14).	  This	  construct	  supported	  cell	  attachment	  and	  spreading	  comparable	  to	  that	  of	  N16.	  Through	  inhibition	  studies	  with	  anti-­‐integrin	  antibodies,	  we	  found	  that	  cell	  binding	  to	  12-­‐16	  was	  mediated	  through	  both	  integrins	  αv	  and	  α5β1.	  Addition	  of	  HS	  on	  the	  other	  hand	  did	  not	  affect	  cell	  adhesion	  to	  the	  12-­‐16	  construct.	  	  	  Our	  studies	  highlight	  the	  involvement	  of	  not	  only	  the	  previously	  described	  αv	  integrins	  in	  Chapter	  2,	  but	  also	  the	  α5β1	  integrin.	  However,	  inhibiting	  α5β1	  alone	  did	  not	  affect	  cell	  spreading	  despite	  the	  confirmed	  functionality	  of	  the	  inhibitory	  antibody.	  A	  recent	  study	  on	  fibronectin,	  a	  ligand	  of	  both	  αv	  and	  α5	  integrin	  families,	  revealed	  that	  αv-­‐class	  integrins	  outcompeted	  α5β1	  integrins	  in	  cell	  binding	  (252).	  It	  was	  proposed	  that	  αv	  integrins	  engage	  fibronectin	  initially,	  which	  then	  activate	  signaling	  pathways	  that	  subsequently	  promote	  α5β1	  integrin	  clustering	  and	  binding	  to	  fibronectin	  (252-­‐255).	  The	  same	  stepwise	  pathways	  may	  be	  activated	  during	  integrin-­‐tropoelastin	  interactions.	  The	  dual	  role	  of	  both	  integrin	  types	  may	  be	  based	  on	  an	  initial	  competition	  followed	  by	  cooperative	  crosstalk,	  which	  may	  explain	  why	  cell	  spreading	  was	  inhibited	  by	  solely	  blocking	  αv	  integrins	  but	  not	  α5β1.	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The	  central	  region	  encompassing	  domains	  8-­‐14	  of	  human	  tropoelastin	  has	  been	  shown	  to	  be	  highly	  conserved	  (256).	  In	  this	  study,	  we	  identified	  a	  region	  in	  tropoelastin	  that	  interacts	  with	  2	  types	  of	  integrins,	  αv	  and	  α5β1.	  There	  may	  be	  multiple	  sites	  that	  work	  synergistically	  to	  elicit	  full	  cell	  binding.	  I	  propose	  that	  the	  tropoelastin	  construct	  12-­‐16	  interacts	  with	  cells	  initially	  through	  αv	  integrins,	  which	  then	  initiate	  engagement	  of	  the	  α5β1	  integrin	  to	  strengthen	  cell	  contact.	  This	  study	  furthers	  our	  understanding	  of	  integrin	  involvement	  in	  tropoelastin-­‐cell	  interactions.	  Full-­‐length	  proteins	  are	  known	  to	  contain	  several	  sequences	  that	  are	  recognized	  by	  different	  types	  of	  cell	  surface	  receptors.	  These	  sequences	  have	  varied	  downstream	  signaling	  effects	  (213,257,258).	  For	  example,	  integrins	  with	  different	  combinations	  of	  α	  and	  β	  subunits	  have	  been	  shown	  to	  initiate	  different	  signaling	  pathways	  (157,213).	  Therefore,	  isolating	  cell-­‐binding	  peptides	  from	  full-­‐length	  tropoelastin	  and	  understanding	  the	  multiple	  contributions	  of	  regions	  to	  cell	  adhesion	  through	  different	  mechanisms	  gives	  improved	  insight	  into	  the	  role	  of	  this	  protein	  in	  physiological	  and	  pathological	  cell	  responses	  (259-­‐262).	  Additionally,	  discovering	  the	  role	  of	  these	  sequences	  would	  enhance	  our	  understanding	  of	  the	  signaling	  events	  relating	  to	  tropoelastin	  during	  wound	  healing,	  and	  elastic	  fiber	  production,	  which	  have	  the	  potential	  to	  enhance	  the	  design	  of	  biomaterials	  and	  advance	  current	  technologies	  in	  tissue	  regeneration.	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Chapter	  5:	  General	  Discussion	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5.	  General	  discussion	  
	  This	  thesis	  explores	  where	  and	  how	  tropoelastin	  interacts	  with	  fibroblasts.	  A	  range	  of	  truncated	  forms	  of	  tropoelastin	  were	  designed	  and	  synthesised	  to	  narrow	  down	  the	  cell-­‐binding	  regions	  on	  tropoelastin.	  Peptides	  were	  strategically	  made	  to	  narrow	  down	  these	  regions	  further	  into	  short	  sequences.	  A	  range	  of	  inhibitors	  were	  utilised	  to	  identify	  the	  mechanism	  by	  which	  fibroblasts	  interact	  with	  tropoelastin	  at	  these	  sites.	  	  
5.1	  Fibroblast	  adhesion	  sites	  in	  tropoelastin	  and	  their	  mechanisms	  of	  
interaction	  	  Previous	  studies	  have	  shown	  that	  fibroblasts	  interact	  with	  the	  C-­‐terminal	  RKRK	  sequence	  of	  tropoelastin	  through	  the	  integrin	  αvβ3	  (4).	  However,	  persistent	  cell	  binding	  to	  ΔRKRK,	  a	  construct	  lacking	  the	  C-­‐terminal	  RKRK	  sequence	  suggested	  the	  existence	  of	  secondary	  binding	  site(s)	  within	  tropoelastin.	  In	  Chapter	  1,	  synthesis	  of	  further	  C-­‐terminal	  truncated	  tropoelastin	  constructs	  narrowed	  down	  potential	  adhesion	  regions	  in	  tropoelastin.	  Specifically,	  tropoelastin	  constructs	  N25,	  N18	  and	  17-­‐27	  supported	  cell	  binding	  and	  spreading,	  however	  N10	  did	  not,	  suggesting	  that	  cell	  adhesive	  regions	  are	  contained	  between	  domain	  11	  and	  27.	  Cell	  interactions	  with	  N18	  and	  17-­‐27	  were	  divalent	  cation-­‐dependent,	  indicating	  integrin	  dependence.	  Function-­‐blocking	  monoclonal	  antibodies	  revealed	  that	  integrin	  αvβ5	  was	  critical	  for	  cell	  adhesion	  and	  spreading	  to	  these	  tropoelastin	  constructs.	  As	  N18	  and	  17-­‐27	  supported	  both	  cell	  attachment	  and	  spreading,	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and	  domains	  17-­‐18	  is	  an	  overlapping	  region	  of	  these	  2	  constructs,	  Chapter	  1	  suggests	  an	  integrin	  binding	  site	  in	  the	  central	  17-­‐18	  region	  of	  tropoelastin.	  However,	  in	  this	  study	  we	  were	  not	  able	  to	  narrow	  down	  the	  specific	  sequence	  involved.	  	  	  Chapter	  2	  aimed	  to	  narrow	  down	  a	  cell	  binding	  site	  from	  this	  17-­‐18	  region	  of	  the	  molecule.	  We	  utilised	  tropoelastin	  constructs	  that	  dissected	  sections	  of	  domain	  18.	  Through	  this	  narrowing	  down	  approach	  we	  mapped	  a	  cell-­‐interactive	  region	  to	  domain	  17	  and	  the	  first	  six	  amino	  acids	  of	  domain	  18.	  A	  peptide	  made	  to	  this	  region	  (Peptide	  302-­‐322)	  confirmed	  this	  as	  a	  cell	  adhesive	  region.	  Point	  mutations	  revealed	  the	  importance	  of	  lysine	  residues	  in	  cell	  interactions	  with	  this	  sequence.	  Additionally	  inhibition	  studies	  to	  this	  sequence	  revealed	  a	  novel	  cell	  interactive	  motif	  derived	  from	  tropoelastin	  that	  recognises	  both	  GAG	  and	  integrin	  receptors	  in	  a	  stepwise	  manner,	  where	  cell-­‐associated	  GAGs	  initially	  bind	  to	  the	  peptide,	  which	  then	  allows	  engagement	  of	  the	  integrin	  αv	  family,	  specifically	  αvβ5	  and	  αvβ3	  to	  induce	  cell	  spreading.	  However	  the	  specific	  proteoglycan	  remains	  unexplored	  in	  this	  Chapter.	  Although	  integrins	  were	  observed	  to	  be	  involved	  in	  the	  spreading	  process,	  they	  were	  not	  shown	  to	  be	  involved	  in	  the	  adhesion	  process	  to	  this	  peptide,	  suggesting	  that	  there	  may	  be	  multiple	  cell	  binding	  sites	  that	  are	  outside	  of	  domains	  17-­‐18	  in	  tropoelastin.	  This	  is	  indicated	  by	  the	  results	  in	  Chapter	  1	  where	  both	  N18	  and	  17-­‐27	  supported	  cell	  attachment	  and	  spreading.	  Therefore,	  the	  other	  potential	  binding	  sites,	  possibly	  within	  domains	  11-­‐16	  and	  possibly	  19-­‐27	  of	  tropoelastin	  remain	  unexplored	  in	  this	  Chapter.	  	  	  Chapter	  3	  aimed	  to	  explore	  other	  potential	  binding	  sites	  in	  tropoelastin	  within	  the	  domains	  11-­‐16	  region	  and	  further	  understand	  the	  complex	  mechanisms	  of	  cell	  interaction.	  Further	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dissection	  of	  the	  tropoelastin	  molecule	  yielded	  constructs	  N16,	  N15.5,	  N14,	  N13	  and	  N12	  to	  focus	  on	  potential	  binding	  sites	  in	  domains	  11-­‐16.	  	  	  N15.5	  N14,	  N13,	  N12	  supported	  cell	  attachment	  significantly	  different	  to	  that	  of	  each	  other	  suggesting	  multiple	  binding	  sites	  within	  this	  region.	  Although	  N15.5	  was	  shown	  to	  support	  cell	  spreading	  in	  1	  h,	  N14,	  N13	  and	  N12	  was	  not.	  A	  longer	  incubation	  of	  1.5	  h	  and	  2	  h	  however,	  revealed	  a	  significant	  increase	  in	  cell	  spreading	  on	  the	  tropoelastin	  constructs	  N14,	  N13	  and	  N12	  in	  comparison	  to	  the	  negative	  control	  N10,	  supporting	  the	  idea	  that	  cell	  binding	  sites	  exist	  within	  the	  boundaries	  of	  these	  constructs	  and	  could	  be	  collectively	  be	  responsible	  for	  the	  cell	  attachment	  and	  spreading	  of	  tropoelastin.	  Tropoelastin	  construct	  12-­‐16	  was	  synthesised	  to	  encompass	  these	  important	  regions	  to	  explore	  the	  mechanisms	  of	  interaction	  within	  this	  region.	  This	  construct	  supported	  cell	  attachment	  and	  spreading	  with	  the	  same	  efficacy	  as	  N16.	  Cell	  inhibition	  studies	  revealed	  an	  integrin	  adhesive	  region	  within	  domains	  12-­‐16	  specifically	  through	  both	  the	  integrins	  α5β1	  and	  the	  integrin	  αv	  family.	  HS	  did	  not	  inhibit	  cell	  attachment	  to	  this	  construct.	  However,	  EDTA	  inhibited	  cell	  binding	  to	  12-­‐16	  suggesting	  an	  integrin	  binding	  mechanism.	  The	  antibody	  inhibition	  studies	  revealed	  an	  order	  of	  interaction	  with	  the	  integrins,	  where	  the	  αv	  integrins	  initially	  interact	  with	  12-­‐16,	  which	  then	  initiates	  engagement	  of	  the	  integrin	  α5β1.	  Overall	  through	  this	  study,	  we	  postulate	  the	  engagement	  of	  the	  αv	  family	  of	  integrins	  trigger	  the	  engagement	  of	  the	  integrins	  α5β1,	  further	  strengthening	  its	  contact	  with	  domains	  12-­‐16	  of	  tropoelastin.	  However,	  the	  specific	  sequence	  by	  which	  these	  integrins	  interact	  with	  in	  the	  12-­‐16	  region	  remain	  unexplored	  in	  this	  Chapter.	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Previous	  work	  identified	  a	  cell-­‐binding	  RKRK	  motif	  in	  the	  C-­‐terminus	  of	  tropoelastin	  that	  interacts	  with	  the	  integrin	  αvβ3	  (4).	  However,	  another	  study	  claimed	  that	  GAGs	  were	  responsible	  for	  the	  interaction	  between	  cells	  and	  tropoelastin	  (126).	  Through	  the	  work	  of	  this	  thesis	  we	  have	  significantly	  clarified	  not	  only	  the	  mechanisms	  by	  which	  tropoelastin	  interacts	  with	  cells,	  but	  also	  mapped	  the	  location	  of	  the	  interactions	  that	  are	  taking	  place.	  Specifically,	  we	  isolated	  a	  sequence	  aa	  302-­‐322	  which	  initially	  interacts	  with	  GAGs	  followed	  by	  the	  integrins	  αvβ3	  and	  αvβ5	  for	  cell	  spreading.	  Furthermore,	  our	  studies	  shed	  light	  on	  the	  mechanism	  of	  interaction	  involving	  both	  the	  GAGs	  and	  integrins	  driving	  what	  we	  know	  from	  previous	  studies	  to	  much	  clearer	  stages.	  Work	  with	  the	  12-­‐16	  tropoelastin	  construct	  revealed	  the	  potential	  of	  multiple	  integrin	  binding	  sites	  where	  the	  integrin	  αv	  family	  initially	  bind,	  which	  then	  allows	  the	  engagement	  of	  the	  integrin	  α5β1.	  This	  thesis	  therefore	  sheds	  light	  on	  cell	  binding	  regions	  and	  mechanisms	  by	  which	  cells	  interact	  with	  tropoelastin	  and	  therefore,	  significantly	  enhances	  the	  understanding	  of	  cell	  interactions	  in	  the	  field	  of	  elastin	  research.	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5.2	  Significance	  of	  multiple	  binding	  sites	  and	  mechanisms	  by	  which	  cells	  
interact	  with	  tropoelastin	  	  In	  this	  study,	  I	  explored	  the	  locations	  of	  multiple	  cell	  binding	  sites	  and	  investigated	  the	  cell	  surface	  receptors	  that	  mediate	  cell-­‐tropoelastin	  adhesion.	  The	  mechanical	  interactions	  between	  a	  cell	  and	  its	  ECM	  can	  influence	  or	  control	  cell	  behaviour	  and	  function	  and	  is	  fundamental	  in	  the	  development	  and	  maintenance	  of	  tissues.	  Therefore,	  understanding	  how	  tropoelastin	  interacts	  with	  cells	  is	  fundamental	  in	  understanding	  the	  fundamental	  signalling	  processes	  that	  occur	  in	  the	  development	  and	  maintenance	  of	  elastic	  tissues,	  processes	  which	  are	  crucial	  for	  the	  function	  of	  these	  tissues	  in	  the	  physical	  body.	  	  	  I	  observed	  that	  GAGs	  and	  integrins	  work	  synergistically	  during	  the	  interaction	  between	  tropoelastin	  and	  cells.	  There	  is	  substantial	  evidence	  that	  other	  ECM	  molecules	  also	  contain	  binding	  sites	  for	  both	  syndecans	  and	  integrins	  and	  that	  a	  full	  cell	  adhesion	  response	  requires	  dual	  engagement	  (239,241,242).	  For	  example,	  heparin	  inhibits	  fibroblast	  attachment,	  while	  anti-­‐integrin	  α2	  or	  β1	  antibodies	  inhibit	  fibroblast	  spreading	  on	  the	  laminin	  α1	  chain	  LG4	  module	  (235),	  while	  integrin	  αvβ3	  signalling	  during	  cell	  spreading	  on	  vitronectin	  (241)	  and	  integrin	  αvβ5	  activity	  in	  B82L	  fibroblasts	  is	  dependent	  on	  the	  activation	  of	  syndecan-­‐1	  (242).	  Integrin	  α5β1	  signalling	  has	  also	  been	  shown	  to	  rely	  on	  the	  initial	  accumulation	  of	  syndecan-­‐2	  during	  carcinoma	  cell	  attachment	  to	  fibronectin	  (238).	  Integrins	  and	  syndecans	  are	  required	  for	  generating	  a	  physical	  link	  to	  the	  cytoskeleton,	  for	  force	  transduction,	  for	  spatial	  control	  of	  signalling	  complex	  assembly,	  and	  for	  the	  regulation	  of	  cytoskeletal	  dynamics	  (224).	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This	  cooperative	  signalling	  between	  the	  two	  receptors	  is	  fundamental	  to	  cell	  responses	  in	  the	  ECM	  has	  also	  been	  implied	  in	  vivo.	  GTPase	  Rac1,	  known	  to	  be	  regulated	  by	  integrin	  α5β1	  and	  syndecan-­‐4	  co-­‐signalling	  (263),	  is	  required	  for	  efficient	  keratinocyte	  migration	  and	  wound	  healing	  in	  vivo	  (264),	  suggesting	  that	  integrin-­‐syndecan	  synergy	  involving	  these	  specific	  receptors	  could	  regulate	  wound	  healing.	  Angiogenesis,	  a	  crucial	  process	  during	  wound	  healing,	  also	  has	  a	  central	  role	  in	  embryonic	  development	  and	  tumour	  progression.	  Delayed	  wound	  repair	  and	  impaired	  angiogenesis	  in	  mice	  lacking	  syndecan-­‐4	  implies	  an	  angiogenic	  role	  for	  syndecans	  in	  adult	  animals	  (265).	  Syndecan-­‐4	  is	  also	  suggested	  to	  cooperate	  with	  α5β1	  to	  modulate	  elements	  of	  post-­‐natal	  and/or	  pathological	  angiogenesis	  (224).	  In	  vivo	  studies	  have	  demonstrated	  that	  αvβ3,	  αvβ5	  and	  α5β1	  integrins	  with	  which	  syndecans	  have	  primarily	  been	  shown	  to	  synergise,	  can	  be	  considered	  principal	  regulators	  of	  angiogenesis	  (266,267).	  The	  importance	  of	  these	  integrins	  have	  been	  attested	  by	  the	  design	  of	  multiple	  antagonists	  for	  tumour	  angiogenesis	  that	  have	  been	  tested	  as	  anti-­‐tumour	  agents	  in	  clinical	  trials	  (268,269).	  	  	  Elastin	  sequences	  have	  been	  shown	  to	  trigger	  proinflammatory	  responses	  by	  HDFs.	  Furthermore,	  HDFs	  pre-­‐treated	  with	  elastin	  sequences	  have	  been	  shown	  to	  trigger	  signalling	  responses	  that	  stimulate	  elastic	  fibre	  synthesis	  in	  vivo	  (14).	  	  Tropoelastin	  and	  its	  fragments	  have	  also	  been	  shown	  to	  accelerate	  wound	  repair	  and	  promote	  wound	  angiogenesis	  (13,270).	  They	  are	  thought	  to	  enhance	  angiogenesis	  by	  promoting	  endothelial	  cell	  migration	  and	  tubulogenesis	  through	  the	  upregulation	  of	  MT1-­‐MMP	  (270).	  By	  isolating	  adhesive	  sequences	  from	  tropoelastin	  and	  understanding	  the	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mechanisms	  by	  which	  they	  interact,	  we	  would	  be	  able	  to	  further	  understand	  the	  biochemical	  pathways	  involved	  in	  important	  processes	  such	  as	  wound	  healing.	  	  As	  tropoelastin	  has	  been	  shown	  to	  accelerate	  wound	  healing	  and	  promote	  angiogenesis,	  and	  interact	  with	  GAGs	  and	  specific	  integrins,	  its	  signalling	  responses	  through	  both	  syndecans	  and	  these	  specific	  integrins	  may	  contribute	  to	  this	  process.	  Therefore,	  mapping	  cell	  adhesive	  regions	  in	  tropoelastin	  and	  understanding	  their	  associated	  mechanisms	  is	  crucial	  to	  understanding	  the	  signalling	  responses	  happening	  during	  the	  development	  and	  maintenance	  of	  elastic	  tissues.	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5.3	  Future	  directions	  	  Full-­‐length	  proteins	  are	  known	  to	  contain	  several	  sequences	  that	  are	  recognized	  by	  different	  types	  of	  cell	  surface	  receptors.	  These	  sequences	  have	  varied	  downstream	  signaling	  effects	  (213,257,258).	  For	  example,	  GAGs	  induce	  signaling	  pathways	  that	  differ	  from	  integrins	  and	  can	  therefore	  initiate	  different	  cellular	  processes	  (224).	  Integrins	  with	  different	  combinations	  of	  α	  and	  β	  subunits	  have	  also	  been	  shown	  to	  initiate	  different	  signaling	  pathways	  (157,213).	  Therefore,	  isolating	  cell-­‐binding	  peptides	  from	  full-­‐length	  tropoelastin	  and	  understanding	  the	  multiple	  contributions	  of	  regions	  to	  cell	  adhesion	  through	  different	  mechanisms	  gives	  improved	  insight	  into	  the	  role	  of	  this	  protein	  in	  physiological	  and	  pathological	  cell	  responses	  (259-­‐262).	  Further	  studies	  to	  understand	  the	  roles	  of	  GAGs	  further	  with	  the	  presence	  of	  integrins	  would	  enhance	  our	  understanding	  of	  these	  physiological	  and	  pathological	  responses	  and	  the	  signaling	  responses	  happening	  during	  the	  development	  and	  maintenance	  of	  tissues.	  	  	  Formation	  of	  a	  suitable	  ECM	  that	  promotes	  cell	  adhesion,	  organization	  and	  proliferation	  is	  essential	  within	  biomaterials	  scaffolds	  for	  tissue	  engineering	  applications	  (76).	  Elastin’s	  applications	  in	  biomaterials	  have	  been	  limited	  due	  to	  the	  overwhelmingly	  hydrophobic	  nature	  of	  the	  protein,	  coupled	  with	  its	  insolubility	  after	  cross-­‐linking	  (109,271,272).	  Because	  of	  this,	  materials	  have	  been	  designed	  in	  ways	  to	  use	  active	  cell-­‐adhesive	  domains	  of	  elastin	  (219).	  However	  these	  domains	  involve	  large	  portions	  of	  the	  tropoelastin	  constructs	  and	  require	  costly	  protein	  production	  methods	  (18).	  My	  study	  narrows	  adhesive	  sequences	  down	  to	  the	  length	  of	  a	  peptide,	  which	  would	  reduce	  costs	  and	  time	  for	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synthesizing	  active	  adhesive	  sequences	  used	  in	  biomaterial	  applications.	  However,	  the	  specific	  sequence	  for	  the	  secondary	  binding	  site	  located	  in	  the	  12-­‐16	  region	  of	  tropoelastin	  was	  not	  identified.	  Furthermore,	  the	  specific	  proteoglycans	  in	  the	  thesis	  remain	  unexplored.	  Therefore,	  future	  studies	  to	  1)	  isolate	  the	  integrin	  binding	  sites	  in	  the	  tropoelastin	  molecule,	  2)	  determine	  the	  specific	  sequences	  that	  are	  crucial	  to	  the	  interactions	  3)	  identify	  the	  specific	  proteoglycans	  involved	  in	  cell	  adhesion	  and	  4)	  modify	  these	  sequences	  to	  understand	  their	  role	  in	  elastogenesis	  and	  the	  associated	  diseases,	  would	  significantly	  enhance	  our	  understanding	  of	  the	  biological	  function	  of	  these	  sequences,	  and	  therefore	  allow	  fine	  tuning	  of	  cellular	  responses.	  This	  would	  further	  advance	  current	  technologies	  in	  tissue	  engineering.	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5.4	  Conclusion	  	  In	  the	  work	  of	  this	  thesis,	  I	  isolated	  two	  novel	  GAG	  binding	  sites	  in	  human	  tropoelastin	  and	  narrowed	  down	  a	  region	  potentially	  containing	  multiple	  integrin	  binding	  sites	  for	  the	  integrin	  αv	  family	  and	  the	  α5β1	  integrins.	  The	  findings	  of	  this	  thesis	  also	  suggest	  that	  the	  GAGs	  appear	  to	  be	  only	  involved	  in	  cell	  attachment	  where	  as	  integrins	  are	  involved	  in	  both	  cell	  attachment	  and	  spreading.	  Specifically,	  cell	  binding	  to	  a	  peptide	  in	  the	  domain	  17-­‐18	  region	  occurs	  in	  a	  stepwise	  mechanism	  where	  the	  GAGs	  initially	  bind	  to	  tropoelastin,	  allowing	  the	  αvβ3	  and	  αvβ5	  integrins	  to	  engage.	  Further	  narrowing	  down	  identified	  another	  GAG-­‐binding	  site	  in	  domains	  14-­‐16	  of	  tropoelastin.	  However,	  the	  larger	  12-­‐16	  construct	  which	  contains	  this	  GAG-­‐binding	  region	  is	  not	  affected	  by	  the	  inhibition	  of	  HS.	  Inhibition	  studies	  reveal	  integrins	  αv	  and	  α5β1’s	  involvement	  in	  this	  region.	  Specifically,	  the	  GAGs	  and	  αv	  integrins	  are	  postulated	  to	  engage	  first	  to	  this	  specific	  part	  of	  tropoelastin,	  followed	  by	  the	  α5β1	  integrins	  which	  further	  strengthen	  the	  interaction.	  The	  work	  of	  this	  thesis	  suggests	  a	  synergistic	  relationship	  between	  GAGs	  and	  integrins	  in	  eliciting	  full	  cell	  adhesive	  function	  in	  tropoelastin.	  Understanding	  the	  multiple	  contributions	  of	  regions	  to	  cell	  adhesion	  through	  different	  mechanisms	  gives	  improved	  insight	  into	  the	  role	  of	  this	  protein	  in	  physiological	  and	  pathological	  cell	  responses.	  Additionally,	  discovering	  the	  role	  of	  these	  sequences	  would	  enhance	  our	  understanding	  of	  the	  signalling	  events	  relating	  to	  tropoelastin	  during	  wound	  healing,	  and	  elastic	  fibre	  production,	  which	  have	  the	  potential	  to	  enhance	  the	  design	  of	  biomaterials	  and	  advance	  current	  technologies	  in	  tissue	  regeneration.	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6.	  Appendices	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6.1	  Reagents	  and	  suppliers	  of	  reagents	  used	  in	  this	  study	  
	  
Reagent Supplier 
α-lactose Sigma-Aldrich Chemical Company, USA 
Acetic acid Ajax Finechem Pty Ltd, Australia 
Acetonitrile Ajax Finechem Pty Ltd, Australia 
Agar Difco Laboratories, USA 
Ampicillin 
 
Sigma-Aldrich Chemical Company, USA 
Anti-α5β1 human integrin (JBS-5) Merck Millipore, USA 
Anti-αv human integrin (17E6) Abcam, UK 
Anti-human β8 integrin antibody Abcam, UK 
Anti-mouse IgG FITC conjugate Sigma-Aldrich Chemical Company, USA 
β-lactose Sigma-Aldrich Chemical Company, USA 
Bovine serum albumin (BSA) Sigma-Aldrich Chemical Company, USA 
Calcium chloride (CaCl2) Sigma-Aldrich Chemical Company, USA 
Chloroform Ajax Finechem Pty Ltd, Australia 
Coomassie brilliant blue-G Sigma-Aldrich Chemical Company, USA 
Crystal violet Sigma-Aldrich Chemical Company, USA 
Deoxyribonuclease 1 (DNase1) Sigma-Aldrich Chemical Company, USA 
Disodium hydrogen phosphate 
(Na2HPO4) 
Ajax Finechem Pty Ltd, Australia 
Dulbecco’s modified Eagle’s medium 
(DMEM) 
Life Bioscience Pty Ltd, Australia 
Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich Chemical Company, USA 
Foetal calf serum (FCS) Invitrogen, USA 
Formaldehyde Invitrogen, USA 
D-glucose Ajax Finechem Pty Ltd, Australia 
Glycerol ICN Biochemicals Inc, USA 
Glycine Ajax Finechem Pty Ltd, Australia 
Heparan sulphate Sigma-Aldrich Chemical Company, USA 
Isopropyl-β-D-thiogalactopyranoside 
(IPTG) 
Sigma-Aldrich Chemical Company, USA 
Lysozyme (EC 3.2.1.17) Sigma-Aldrich Chemical Company, USA 
Magnesium chloride (MgCl2) Ajax Finechem Pty Ltd, Australia 
Manganese chloride (MnCl2) Ajax Finechem Pty Ltd, Australia 
Mark12TM unstained standard Cell Applications Inc, San Diego, CA, 
USA 
β-mercaptoethanol Sigma-Aldrich Chemical Company, USA 
Methanol Ajax Finechem Pty Ltd, Australia 
2-(N-morpholino) ethanesulfonic acid 
(MES) 
Sigma-Aldrich Chemical Company, USA 
n-butanol Univar, Australia 
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n-propanol Univar, Australia 
Phenylmethylsulfonyl fluoride (PMSF) Sigma-Aldrich Chemical Company, USA 
Sodium chloride (NaCl) Ajax Finechem Pty Ltd, Australia 
Sodium dihydrogen phosphate dehydrate 
(NaH2PO42H2O) 
Ajax Finechem Pty Ltd, Australia 
Tris(hydroxymethyl)aminomethane 
(Tris) 
Sigma-Aldrich Chemical Company, USA 
Triton X-100 Sigma-Aldrich Chemical Company, USA 
Trypan Blue Sigma-Aldrich Chemical Company, USA 
Trysin Sigma-Aldrich Chemical Company, USA 
Tryptone Becton-Dickinson, USA 
Yeast extract Becton-Dickinson, USA 
	  
	  
6.2	  Solution	  and	  solution	  components	  used	  in	  this	  study	  	  
Solution Composition 
2-TY+ampicillin 1.6% (w/v) tryptone, 1% (w/v) yeast 
extract, 0.5% (w/v) NaCl, 50 µg/mL 
ampicillin 
Coomassie blue stain 0.125% (w/v) Coomassie Blue G, 45% 
(v/v) methanol, 10% (v/v) acetic acid 
DNA loading dye 4% sucrose, 0.025% bromophenol blue 
LB agar 1% (w/v) tryptone, 0.5% (w/v) yeast 
extract, 1% (w/v) NaCl, 1.5% (w/v) agar 
LB media 1% (v/v) tryptone, 0.5% (w/v) yeast 
extract, 1% (w/v) NaCl, 2% D-glucose 
(w/v) 
Lysis buffer 50mM Tris, 1mM EDTA, 100mM NaCl, 
pH 8.0 
Phosphate buffered saline (PBS) 10 mM sodium phosphate, 150 mM NaCl, 
pH 7.4 
SDS-PAGE loading buffer 1% (w/v) SDS, 3% (v/v) glycerol, 0.5% 
(v/v) mercaptoethanol, 0.0025% (w/v) 
Coomassie Blue R-250, 12.5 mM Tris, 
pH 6.8 	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6.3	  WT	  DNA	  sequence	  	  
 
WT ATGGGTGGCGTTCCGGGTGCTATCCCGGGTGGCGTTCCGGGTGGTGTATTCTACCCAGGC 60 
WT GCGGGTCTGGGTGCACTGGGCGGTGGTGCGCTGGGCCCGGGTGGTAAACCGCTGAAACCG 120 
WT GTTCCAGGCGGTCTGGCAGGTGCTGGTCTGGGTGCAGGTCTGGGCGCGTTCCCGGCGGTT 180 
WT ACCTTCCCGGGTGCTCTGGTTCCGGGTGGCGTTGCAGACGCAGCTGCTGCGTACAAAGCG 240 
WT GCAAAGGCAGGTGCGGGTCTGGGCGGGGTACCAGGTGTTGGCGGTCTGGGTGTATCTGCT 300 
WT GGCGCAGTTGTTCCGCAGCCGGGTGCAGGTGTAAAACCGGGCAAAGTTCCAGGTGTTGGT 360 
WT CTGCCGGGCGTATACCCGGGTGGTGTTCTGCCGGGCGCGCGTTTCCCAGGTGTTGGTGTA 420 
WT CTGCCGGGCGTTCCGACCGGTGCAGGTGTTAAACCGAAGGCACCAGGTGTAGGCGGCGCG 480 
WT TTCGCGGGTATCCCGGGTGTTGGCCCGTTCGGTGGTCCGCAGCCAGGCGTTCCGCTGGGT 540 
WT TACCCGATCAAAGCGCCGAAGCTTCCAGGTGGCTACGGTCTGCCGTACACCACCGGTAAA 600 
WT CTGCCGTACGGCTACGGTCCGGGTGGCGTAGCAGGTGCTGCGGGTAAAGCAGGCTACCCA 660 
WT ACCGGTACTGGTGTTGGTCCGCAGGCTGCTGCGGCAGCTGCGGCGAAGGCAGCAGCAAAA 720 
WT TTCGGCGCGGGTGCAGCGGGTGTTCTGCCGGGCGTAGGTGGTGCTGGCGTTCCGGGTGTT 780 
WT CCAGGTGCGATCCCGGGCATCGGTGGTATCGCAGGCGTAGGTACTCCGGCGGCCGCTGCG 840 
WT GCTGCGGCAGCTGCGGCGAAAGCAGCTAAATACGGTGCGGCAGCAGGCCTGGTTCCGGGT 900 
WT GGTCCAGGCTTCGGTCCGGGTGTTGTAGGCGTTCCGGGTGCTGGTGTTCCGGGCGTAGGT 960 
WT GTTCCAGGTGCGGGCATCCCGGTTGTACCGGGTGCAGGTATCCCGGGCGCTGCGGTTCCA 1020 
WT GGTGTTGTATCCCCGGAAGCGGCAGCTAAGGCTGCTGCGAAAGCTGCGAAATACGGAGCT 1080 
WT CGTCCGGGCGTTGGTGTTGGTGGCATCCCGACCTACGGTGTAGGTGCAGGCGGTTTCCCA 1140 
WT GGTTTCGGCGTTGGTGTTGGTGGCATCCCGGGTGTAGCTGGTGTTCCGTCTGTTGGTGGC 1200 
WT GTACCGGGTGTTGGTGGCGTTCCAGGTGTAGGTATCTCCCCGGAAGCGCAGGCAGCTGCG 1260 
WT GCAGCTAAAGCAGCGAAGTACGGCGTTGGTACTCCGGCGGCAGCAGCTGCTAAAGCAGCG 1320 
WT GCTAAAGCAGCGCAGTTCGGACTAGTTCCGGGCGTAGGTGTTGCGCCAGGTGTTGGCGTA 1380 
WT GCACCGGGTGTTGGTGTTGCTCCGGGCGTAGGTCTGGCACCGGGTGTTGGCGTTGCACCA 1440 
WT GGTGTAGGTGTTGCGCCGGGCGTTGGTGTAGCACCGGGTATCGGTCCGGGTGGCGTTGCG 1500 
WT GCTGCTGCGAAATCTGCTGCGAAGGTTGCTGCGAAAGCGCAGCTGCGTGCAGCAGCTGGT 1560 
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WT CTGGGTGCGGGCATCCCAGGTCTGGGTGTAGGTGTTGGTGTTCCGGGCCTGGGTGTAGGT 1620 
WT GCAGGGGTACCGGGCCTGGGTGTTGGTGCAGGCGTTCCGGGTTTCGGTGCTGTTCCGGGC 1680 
WT GCGCTGGCTGCTGCGAAAGCGGCGAAATACGGTGCAGCGGTTCCGGGTGTACTGGGCGGT 1740 
WT CTGGGTGCTCTGGGCGGTGTTGGTATCCCGGGCGGTGTTGTAGGTGCAGGCCCAGCTGCA 1800 
WT GCTGCTGCTGCGGCAAAGGCAGCGGCGAAAGCAGCTCAGTTCGGTCTGGTTGGTGCAGCA 1860 
WT GGTCTGGGCGGTCTGGGTGTTGGCGGTCTGGGTGTACCGGGCGTTGGTGGTCTGGGTGGC 1920 
WT ATCCCGCCGGCGGCGGCAGCTAAAGCGGCTAAATACGGTGCAGCAGGTCTGGGTGGCGTT 1980 
WT CTGGGTGGTGCTGGTCAGTTCCCACTGGGCGGTGTAGCGGCACGTCCGGGTTTCGGTCTG 2040 
WT TCCCCGATCTTCCCAGGCGGTGCATGCCTGGGTAAAGCTTGCGGCCGTAAACGTAAATAA 2100 
 
Figure 6.1. DNA sequence of the WT tropoelastin construct.  	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6.4	  Protein	  sequences	  of	  all	  the	  constructs	  
	  
6.4.1	  WT	  
	  
GGVPGAIPGGVPGGVFYPGAGLGALGGGALGPGGKPLKPVPGGLAGAGLGAGLGAFPA
VTFPGALVPGGVADAAAAYKAAKAGAGLGGVPGVGGLGVSAGAVVPQPGAGVKPGK
VPGVGLPGVYPGGVLPGARFPGVGVLPGVPTGAGVKPKAPGVGGAFAGIPGVGPFGGP
QPGVPLGYPIKAPKLPGGYGLPYTTGKLPYGYGPGGVAGAAGKAGYPTGTGVGPQAAA
AAAAKAAAKFGAGAAGVLPGVGGAGVPGVPGAIPGIGGIAGVGTPAAAAAAAAAAKA
AKYGAAAGLVPGGPGFGPGVVGVPGAGVPGVGVPGAGIPVVPGAGIPGAAVPGVVSPE
AAAKAAAKAAKYGARPGVGVGGIPTYGVGAGGFPGFGVGVGGIPGVAGVPSVGGVPG
VGGVPGVGISPEAQAAAAAKAAKYGVGTPAAAAAKAAAKAAQFGLVPGVGVAPGVG
VAPGVGVAPGVGLAPGVGVAPGVGVAPGVGVAPGIGPGGVAAAAKSAAKVAAKAQL
RAAAGLGAGIPGLGVGVGVPGLGVGAGVPGLGVGAGVPGFGAVPGALAAAKAAKYG
AAVPGVLGGLGALGGVGIPGGVVGAGPAAAAAAAKAAAKAAQFGLVGAAGLGGLGV
GGLGVPGVGGLGGIPPAAAAKAAKYGAAGLGGVLGGAGQFPLGGVAARPGFGLSPIFP 
GGACLGKACGRKRK  
 
Figure 6.4.1. Protein sequence of the WT tropoelastin construct.  
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6.4.2	  ΔRKRK	  
	  
GGVPGAIPGGVPGGVFYPGAGLGALGGGALGPGGKPLKPVPGGLAGAGLGAGLGAFPA
VTFPGALVPGGVADAAAAYKAAKAGAGLGGVPGVGGLGVSAGAVVPQPGAGVKPGK
VPGVGLPGVYPGGVLPGARFPGVGVLPGVPTGAGVKPKAPGVGGAFAGIPGVGPFGGP
QPGVPLGYPIKAPKLPGGYGLPYTTGKLPYGYGPGGVAGAAGKAGYPTGTGVGPQAAA
AAAAKAAAKFGAGAAGVLPGVGGAGVPGVPGAIPGIGGIAGVGTPAAAAAAAAAAKA
AKYGAAAGLVPGGPGFGPGVVGVPGAGVPGVGVPGAGIPVVPGAGIPGAAVPGVVSPE
AAAKAAAKAAKYGARPGVGVGGIPTYGVGAGGFPGFGVGVGGIPGVAGVPSVGGVPG
VGGVPGVGISPEAQAAAAAKAAKYGVGTPAAAAAKAAAKAAQFGLVPGVGVAPGVG
VAPGVGVAPGVGLAPGVGVAPGVGVAPGVGVAPGIGPGGVAAAAKSAAKVAAKAQL
RAAAGLGAGIPGLGVGVGVPGLGVGAGVPGLGVGAGVPGFGAVPGALAAAKAAKYG
AAVPGVLGGLGALGGVGIPGGVVGAGPAAAAAAAKAAAKAAQFGLVGAAGLGGLGV
GGLGVPGVGGLGGIPPAAAAKAAKYGAAGLGGVLGGAGQFPLGGVAARPGFGLSPIFP 
GGACLGKACG 
 
Figure 6.4.2. Protein sequence of the ΔRKRK tropoelastin construct.  
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6.4.3	  N25	  
	  
GGVPGAIPGGVPGGVFYPGAGLGALGGGALGPGGKPLKPVPGGLAGAGLGAGLGAFPA
VTFPGALVPGGVADAAAAYKAAKAGAGLGGVPGVGGLGVSAGAVVPQPGAGVKPGK
VPGVGLPGVYPGGVLPGARFPGVGVLPGVPTGAGVKPKAPGVGGAFAGIPGVGPFGGP
QPGVPLGYPIKAPKLPGGYGLPYTTGKLPYGYGPGGVAGAAGKAGYPTGTGVGPQAAA
AAAAKAAAKFGAGAAGVLPGVGGAGVPGVPGAIPGIGGIAGVGTPAAAAAAAAAAKA
AKYGAAAGLVPGGPGFGPGVVGVPGAGVPGVGVPGAGIPVVPGAGIPGAAVPGVVSPE
AAAKAAAKAAKYGARPGVGVGGIPTYGVGAGGFPGFGVGVGGIPGVAGVPSVGGVPG
VGGVPGVGISPEAQAAAAAKAAKYGVGTPAAAAAKAAAKAAQFGLVPGVGVAPGVG
VAPGVGVAPGVGLAPGVGVAPGVGVAPGVGVAPGIGPGGVAAAAKSAAKVAAKAQL 
 
Figure 6.4.3. Protein sequence of the N25 tropoelastin construct.  
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6.4.4	  N18	  
	  
GGVPGAIPGGVPGGVFYPGAGLGALGGGALGPGGKPLKPVPGGLAGAGLGAGLGAFPA
VTFPGALVPGGVADAAAAYKAAKAGAGLGGVPGVGGLGVSAGAVVPQPGAGVKPGK
VPGVGLPGVYPGGVLPGARFPGVGVLPGVPTGAGVKPKAPGVGGAFAGIPGVGPFGGP
QPGVPLGYPIKAPKLPGGYGLPYTTGKLPYGYGPGGVAGAAGKAGYPTGTGVGPQAAA
AAAAKAAAKFGAGAAGVLPGVGGAGVPGVPGAIPGIGGIAGVGTPAAAAAAAAAAKA
AKYGAAAGLVPGGPGFGPGVVGVPGAGVPGVGVPGAGIPVVPGAGIPGAAVP 
 
Figure 6.4.4. Protein sequence of the N18 tropoelastin construct.  	  
	  
6.4.5	  17-­‐27	  
	  
GVGTPAAAAAAAAAAKAAKYGAAAGLVPGGPGFGPGVVGVPGAGVPGVGVPGAGIP
VVPGAGIPGAAVPGVVSPEAAAKAAAKAAKYGARPGVGVGGIPTYGVGAGGFPGFGV
GVGGIPGVAGVPSVGGVPGVGGVPGVGISPEAQAAAAAKAAKYGVGTPAAAAAKAAA
KAAQFGLVPGVGVAPGVGVAPGVGVAPGVGLAPGVGVAPGVGVAPGVGVAPGIGPGG
VAAAAKSAAKVAAKAQLRAAAGLGAGIPGLGVGVGVPGLGVGAGVPGLGVGAGVPG
FGAVPGALAAAKAAKY  
 
Figure 6.4.5. Protein sequence of the 17-27 tropoelastin construct.  
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6.4.6	  aa	  27-­‐346	  
	  
GGVPGAIPGGVPGGVFYPGAGLGALGGGALGPGGKPLKPVPGGLAGAGLGAGLGAFPA
VTFPGALVPGGVADAAAAYKAAKAGAGLGGVPGVGGLGVSAGAVVPQPGAGVKPGK
VPGVGLPGVYPGGVLPGARFPGVGVLPGVPTGAGVKPKAPGVGGAFAGIPGVGPFGGP
QPGVPLGYPIKAPKLPGGYGLPYTTGKLPYGYGPGGVAGAAGKAGYPTGTGVGPQAAA
AAAAKAAAKFGAGAAGVLPGVGGAGVPGVPGAIPGIGGIAGVGTPAAAAAAAAAAKA
AKYGAAAGLVPGGPGFGPGVVGVPGAGVPGVGV	  
	  
Figure 6.4.6. Protein sequence of the aa 27-346 tropoelastin construct.  
	  
6.4.7	  aa	  27-­‐330	  
	  
GGVPGAIPGGVPGGVFYPGAGLGALGGGALGPGGKPLKPVPGGLAGAGLGAGLGAFPA
VTFPGALVPGGVADAAAAYKAAKAGAGLGGVPGVGGLGVSAGAVVPQPGAGVKPGK
VPGVGLPGVYPGGVLPGARFPGVGVLPGVPTGAGVKPKAPGVGGAFAGIPGVGPFGGP
QPGVPLGYPIKAPKLPGGYGLPYTTGKLPYGYGPGGVAGAAGKAGYPTGTGVGPQAAA
AAAAKAAAKFGAGAAGVLPGVGGAGVPGVPGAIPGIGGIAGVGTPAAAAAAAAAAKA
AKYGAAAGLVPGGPGFG	  
 
Figure 6.4.7. Protein sequence of the aa 27-330 tropoelastin construct.  
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6.4.8	  aa	  27-­‐322 
 
GGVPGAIPGGVPGGVFYPGAGLGALGGGALGPGGKPLKPVPGGLAGAGLGAGLGAFPA
VTFPGALVPGGVADAAAAYKAAKAGAGLGGVPGVGGLGVSAGAVVPQPGAGVKPGK
VPGVGLPGVYPGGVLPGARFPGVGVLPGVPTGAGVKPKAPGVGGAFAGIPGVGPFGGP
QPGVPLGYPIKAPKLPGGYGLPYTTGKLPYGYGPGGVAGAAGKAGYPTGTGVGPQAAA
AAAAKAAAKFGAGAAGVLPGVGGAGVPGVPGAIPGIGGIAGVGTPAAAAAAAAAAKA
AKYGAAAGL	  
 
Figure 6.4.8. Protein sequence of the aa 27-322 tropoelastin construct.  
	  
	  
	  
6.4.9	  N16	  
GGVPGAIPGGVPGGVFYPGAGLGALGGGALGPGGKPLKPVPGGLAGAGLGAGLGAFPA
VTFPGALVPGGVADAAAAYKAAKAGAGLGGVPGVGGLGVSAGAVVPQPGAGVKPGK
VPGVGLPGVYPGGVLPGARFPGVGVLPGVPTGAGVKPKAPGVGGAFAGIPGVGPFGGP
QPGVPLGYPIKAPKLPGGYGLPYTTGKLPYGYGPGGVAGAAGKAGYPTGTGVGPQAAA
AAAAKAAAKFGAGAAGVLPGVGGAGVPGVPGAIPGIGGIA 
 
Figure 6.4.9. Protein sequence of the N16 tropoelastin construct.  
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6.4.10	  N15.5	  
	  
GGVPGAIPGGVPGGVFYPGAGLGALGGGALGPGGKPLKPVPGGLAGAGLGAGLGAFPA
VTFPGALVPGGVADAAAAYKAAKAGAGLGGVPGVGGLGVSAGAVVPQPGAGVKPGK
VPGVGLPGVYPGGVLPGARFPGVGVLPGVPTGAGVKPKAPGVGGAFAGIPGVGPFGGP
QPGVPLGYPIKAPKLPGGYGLPYTTGKLPYGYGPGGVAGAAGKAGYPTGTGVGPQAAA
AAAAKAAAKFGAGAAGVLPGVGGAG 
 
Figure 6.4.10. Protein sequence of the N15.5 tropoelastin construct.  
	  
	  
6.4.11	  N14	  
	  
GGVPGAIPGGVPGGVFYPGAGLGALGGGALGPGGKPLKPVPGGLAGAGLGAGLGAFPA
VTFPGALVPGGVADAAAAYKAAKAGAGLGGVPGVGGLGVSAGAVVPQPGAGVKPGK
VPGVGLPGVYPGGVLPGARFPGVGVLPGVPTGAGVKPKAPGVGGAFAGIPGVGPFGGP
QPGVPLGYPIKAPKLPGGYGLPYTTGKLPYGYGPGGVAGAAGKAGYPTGT 
 
Figure 6.4.11. Protein sequence of the N14 tropoelastin construct.  
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6.4.12	  N13	  
	  
GGVPGAIPGGVPGGVFYPGAGLGALGGGALGPGGKPLKPVPGGLAGAGLGAGLGAFPA
VTFPGALVPGGVADAAAAYKAAKAGAGLGGVPGVGGLGVSAGAVVPQPGAGVKPGK
VPGVGLPGVYPGGVLPGARFPGVGVLPGVPTGAGVKPKAPGVGGAFAGIPGVGPFGGP
QPGVPLGYPIKAPKLPGGYGLPYTTGKLPY 
 
Figure 6.4.12. Protein sequence of the N13 tropoelastin construct.  
 
6.4.13	  N12	  
	  
GGVPGAIPGGVPGGVFYPGAGLGALGGGALGPGGKPLKPVPGGLAGAGLGAGLGAFPA
VTFPGALVPGGVADAAAAYKAAKAGAGLGGVPGVGGLGVSAGAVVPQPGAGVKPGK
VPGVGLPGVYPGGVLPGARFPGVGVLPGVPTGAGVKPKAPGVGGAFAGIPGVGPFGGP
QPGVPLGYPIKAPKLP 
 
Figure 6.4.13. Protein sequence of the N12 tropoelastin construct.  
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6.2.14	  N10	  
	  
GGVPGAIPGGVPGGVFYPGAGLGALGGGALGPGGKPLKPVPGGLAGAGLGAGLGAFPA
VTFPGALVPGGVADAAAAYKAAKAGAGLGGVPGVGGLGVSAGAVVPQPGAGVKPGK
VPGVGLPGVYPGGVLPGARFPGVGVLPGVPTGAGVKPKAP 
 
Figure 6.4.14. Protein sequence of the N10 tropoelastin construct.  
	  
6.4.15	  12-­‐16	  
	  
GVGPFGGPQPGVPLGYPIKAPKLPGGYGLPYTTGKLPYGYGPGGVAGAAGKAGYPTGT
GVGPQAAAAAAAKAAAKFGAGAAGVLPGVGGAGVPGVPGAIPGIGGIA	  
 
Figure 6.4.15. Protein sequence of the 12-16 tropoelastin construct.  	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